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ABSTRACT
Deep quasi-static cone penetration causes pore pressures
to develop in the soil. This research investigates methods
of estimating the consolidation (and/or permeability) chara-
cteristics of clays from measurements of the pore pressure
decay that takes place after cone penetration stops.
A major effort is devoted to predict the pore pressure
distribution due to steady cone penetration by means of the
strain path method. Deformations and strains are determined
assuming that the soil provides no shearing resistance. Dev-
iatoric stresses and shear-induced pore pressures are determined
from specially developed soil behavior models and the strain
paths of soil elements. Approximate values of the total
stresses and pore pressures in the soil are then computed from
equilibrium considerations. An evaluation of the predicted
pore pressure fields in Boston Blue Clay (BBC) by means of
results of special conical pore pressure probes indicate
suprisingly excellent agreement for various overconsolidation
ratios (1.3<OCR<3) after the excess pore pressures, Au, are
normalized by shaft pore pressure, (Au) .
Consolidation analyses are performed to investigate the
importance of different factors affecting pore pressure diss-
ipation around cones: initial distribution of excess pore
pressures, location of the porous stone, soil anisotropy,
coupling, etc....
Based on linear uncoupled dissipation solutions and the
excess pore pressures determined by the strain path method for
BBC, a method for predicting the horizontal coefficient of con-
solidation, ch , of clays is proposed. The method is evaluated
by means of extensive dissipation measurements in BBC and in
Connecticut Valley Varved Clay using different cone angles
with porous stones at various locations. The predicted ch
profiles provide good agreement with laboratory and field
estimates of ch for the clays in the overconsolidated range.
Additional interesting aspects of this study include:
applicability of cavity expansion approaches to deep penetration
and pile installation problems, likelihood of soil hydrofracture
due to pile installation, evaluation of a deviatoric stress
model capabilities in predicting the undrained behavior of BBC
-2-
in various laboratory tests, development and evaluation of a
shear induced pore pressure model for clays subjected to un-
drained loading along general strain paths, comparison between
predicted and measured results of self-boring pressuremeter
tests in BBC, closed-form solutions for the consolidation
around spherical and cylindrical cavities for selected initial
radial pore pressure distributions and, prediction of profile
of horizontal permeability from ch profiles.
Thesis Supervisor: Mohsen M. Baligh
Title: Associate Professor of Civil Engineering
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CHAPTER 1
INTRODUCTION
Cone penetration testing provides an efficient
and reliable method for soil exploration which is
especially suited for offshore work. Continuous measure-
ments are obtained as the cone is pushed into the soil
and hence the test is valuable for determining stratifi-
cation and variability in a large variety of soils ranging
from dense sands to soft clays. Furthermore, the
similarity with pile foundations makes cone penetration
results particularly attractive for the design of piles.
Like most in situ tests, cone penetration lacks the
ideal conditions offered by laboratory tests, and hence
poses significant interpretation problems. However,
recent hardware developments (Wissa et al., 1975)
enabled reliable measurements of pore pressures generated
by cone penetration which, together with the conventional
cone resistance measurements, offered a better tool for
determining soil stratification, assessed soil variability
and, in addition, provided more reliable methods for soil
identification (Baligh et al., 1980)
This research represents part of a continuing effort
at M.I.T. to develop a better understanding of the
mechanism of cone penetration in clays, through theoretical
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and experimental studies, aimed at providing reliable
methods of interpreting cone penetration results especially
with regards to engineering soil properties for field pre-
dictions and design purposes. Past research (Baligh,
et al., 1978) was primarily concerned with the undrained
shear strength of clays. This research is aimed at
estimating the in situ consolidation and/or permeability
characteristics of clays from the pore pressure decay that
takes place after steady cone penetration.
This study can be divided into three parts: the
first (Chap. 2 and 3) provides background material; the
second (Chap. 4 through 8) estimates the excess pore
pressures in the soil during steady cone penetration; and,
the third (Chap. 9 through 13) presents excess pore pres-
sure dissipation analyses and measurements for estimating
the in situ consolidation (and/or permeability) properties
of soils from the pore pressure decay that takes place
after steady cone pentration is interrupted.
Chapter 2 describes cone penetration devices, illus-
trates the importance of pore pressures developed during
steady cone penetration, and emphasizes the difficulties
encountered in estimating these pore pressures by means
of existing theoretical and experimental methods.
Chapter 3 reviews existing cavity expansion solutions
often utilized in the analysis of deep penetration problems,
discusses the limitations of cavity expansion methods
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and emphasizes the need for more realistic approaches to
simulate cone penetration and pile installation processes.
Chapter 4 describes the application of the "strain
path method" to deep steady cone penetration in clays.
The "strain path method" (Baligh, et al., 1978) is an
approximate method for systematically elucidating and
solving problems which are basically strain-controlled.
In this approach, the strain path of selected elements is
estimated from a deformation pattern (velocity field)
chosen on the basis of kinematic requirements. Laboratory
tests are then conducted or, alternatively, appropriate con-
stitutive laws used, to determine the deviatoric stresses
in these elements when subjected to the estimated strain
paths. The octahedral (isotropic) stresses are then
estimated by integrating the equilibrium equations.
Finally, Chap. 4 discusses the limitations of the method
and suggests means to assess the accuracy of solutions.
Chapter 5 performs the first step in the strain path
method by determining the displacements and strains in
saturated clays due to deep steady cone penetration
(assuming that the soil offers no shearing resistance,
i.e., behaves as an incompressible ideal fluid) and
compares predictions with limited laboratory model test
data.
Chapter 6 generalizes an analytical soil behavior
model (Iwan, 1967; Mroz, 1967 and; Prevost, 1977) capable
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of incorporating the difficult anisotropic, elastoplastic,
path-dependent stress-strain-strength properties of
inviscid saturated clays subjected to undrained loading
conditions in order to account for the complicated
strain paths imposed by cone penetration. Predictions of
the model are evaluated by comparisons with laboratory
test results on Boston Blue Clay.
Chapter 7 reviews existing methods for predicting
the excess pore pressures generated by undrained shearing
of saturated clays, proposes a new analytical model to
estimate the pore pressures during undrained straining of
clays and evaluates predictions with laboratory test
results.
Chapter 8 determines the excess pore water pres-
sures in the soil during steady cone penetration based on
the strain path method (Chapter 4), the strain paths
corresponding to an ideal fluid (Chapter 5), the deviatoric
stress model in Chapter 6 and, the shear induced pore pres-
sure model in Chapter 7 using soil parameters appropriate
to normally consolidated Boston Blue Clay. Predictions
are compared to field measurements of penetration pore
pressures at different locations on the cone and the
shaft behind it as well as measurements around driven
piles in different soils with various overconsolidation
ratios.
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Chapter 9 identifies important practical applica-
tions where reliable field estimates of the consolidation
(and/or permeability) properties of soils are needed,
reviews the difficulties encountered in interpreting
dissipation records and discusses the relative importance
of factors influencing the pore pressure dissipation
around conical probes.
Chapter 10 reviews existing methods of interpreting
excess pore pressure dissipation records, investigates
the effects of the initial pore pressure distribution on
one-dimensional (radial) dissipation by means of closed-form
solutions, discusses the effects of nonlinearities and
coupling (between pore pressures and total stresses)
on dissipation, and, emphasizes the need for more realistic
two-dimensional solutions to interpret the dissipation
around conical probes.
Chapter 11 presents results of two-dimensional linear
numerical consolidation analyses around conical probes
based on the estimated initial distribution of pore
pressures (Cahpter 8) in order to evaluate the effects of:
the location of the porous stone (on the cone or the shaft
behind it), the cone angle, soil anisotropy, coupling,
the mesh sizei the time increments, and, the errors in the
estimated initial and hydrostatic (final) pore pressures.
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Chapter 12 compares predictions of the coefficient
of consolidation based on extensive dissipation records
in a Boston Blue Clay deposit with laboratory test results
and backfigured values for the in situ performance of
foundation clays in order to: 1) evaluate the effects of
various simplifications on the results (nonlinearities in
particular); 2) determine the cone angle, stone location
and the necessary degree of consolidation (dissipation
time) leading to the most consistent profile and, hence;
3) provide guidelines for the interpretation of dissipa-
tion records in practice.
Chapter 13 outlines recommended procedures to es-
timate the coefficient of consolidation from dissipation
records, applies these procedures to measurements in a
varved clay deposit and compares predictions with labora-
tory test results.
Finally, Chapter 14 summarizes the main conclusions
reached in this study.
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CHAPTER 2
PENETRATION PORE PRESSURES: BACKGROUND
This chapter describes relevant in situ "quasi-static"
penetration devices, illustrates the importance of pore pres-
sures developed during steady cone penetration, emphasizes the
difficulties encountered in estimating these pore pressures by
means of existing theoretical and experimental methods and in-
troduces the site of the 1-95 embankment in Saugus, Massachu-
setts where the in situ tests presented in this thesis
were performed.
2.1 DESCRIPTION OF IN SITU PENETRATION EQUIPMENT
a) Cone Penetrometer
The cone penetrometer utilized in this research is
the Fugro cone, Fig. 2.1, that measures the tip resistance, qc,
and the sleeve friction, fs', by means of strain gauges;
De Ruiter (1971). The load cells are contained in a straight
cylindrical shaft, 10 cm2 in cross-section, behind the tip.
The standard conical tip has the same 10 cm2 base area and an
apex angle (26) of 600 . The penetrometer is pushed from the
surface by means of Fugro's hydraulic jacking system at a
standard rate of 2 cm/sec. During penetration, the electrical
signals are transmitted to the surface by a cable strung
through the pushing rods and is recorded continuously on a
strip chart recorder as a function of penetrated depth. Pene-
tration proceeds by one meter increments after which
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a new pushing rod is required. Installation of the additional
pushing rod causes approximately a one minute interruption in
penetration.
Some alterations in the conical tip geometry and/or
the testing procedures have been carried out for investigating
the effects of tip angle, tip enlargement, and penetration rate
on the tip resistance, qc. The procedures and results of these
special tests are given by Baligh et al. (1978).
b) Piezometer Probe
The piezometer probe used in this research was de-
veloped by Wissa et al (1975). The original design is conical
in shape (26 = 180) and measures pore pressure at the cone tip,
Fig. 2.2. Additional pore pressure probes were developed in
order to measure the pore pressures along the cone face and at
different locations on the pushing rods (behind the cone) for
26 = 180 and 60 , Fig. 2.2. The pore pressure sensor consists
of a high air entry stainless steel porous tip hydraulically
connected to a pressure transducer contained in a 1.5" (3.8 cm)
diameter stainless housing. The upper end of the housing screws
into a standard A or AW drilling rod used to jack the probe
into the soil. Penetration proceeds, in general, by 5 ft
increments after which a new pushing rod is installed. The
interruption in penetration is often intentionally extended to
observe pore pressure decay. The penetration rate is not as
accurately controlled as in cone penetration tests performed
The jacking equipment utilized is attached to a standard
drilling rig and is pressurerather than flow,controlled.
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with Fugro's jacking equipment but is also approximately equal
to 2 cm/sec. During penetration and pore pressure dissipation,
the electrical signal is transmitted to the surface by a cable
strung through the pushing rods and is recorded continuously
on a strip chart recorder as a function of time. Satisfactory
performance of the piezometer probe requires a thorough deairing
of the instrument under vacuum and subsequent filling with de-
aired water. A response time of no more than 0.10 sec. is
considered as adeqqate for most practical applications
(Martin, 1979).
Torstensson (1975) developed a piezometer probe,
Fig. 2.3, with similar features as the Wissa probe but with a
different geometry.
c) New Penetration Devices
Two penetration devices relevant to this research
were recently developed by Geotechniques International, Inc.:
the piezo-cone and the piezo-cell.
1) The piezo-cone consists of an electrical cone
penetrometer with essentially the same geometrical
characteristics as the Fugro cone (Fig. 2.1) but
measures simultaneously the tip resistance, qc, and
the pore pressure at the tip, u (instead of qc and
fs in standard electrical cones). The piezo-cone
provides more economical and reliable information
The piezo-cone requires a single exploratory hole for
obtaining q and u. The testing time is, therefore, reduced by
a half and The interpretation difficulties caused by unavoid-
able local variations in soil properties are eliminated.
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pertinent to soil profiling and penetration inter-
pretation.
2) The piezo-cell consists of two basic units:
i) a cylindrical lateral stress cell to measure
the horizontal total stress, ah' on the shaft
behind the cone. The cell consists of an outer
steel membrane that transmits the soil pres-
sure to a thin chamber filled with water where
the pressure is measured via a pressure trans-
ducer, and;
ii) a high air entry stainless steel porous disc
to measure the pore pressure, u, at the inter-
face between the cylindrical shaft and the soil.
A schematic of the lateral stress cell is given in Fig.
2.4. The main advantages of this piezo-cell are:
i) the lateral stress cell is very rigid and has
exactly the same geometry as the shaft behind
the cone;
ii) measurements of ah and u are obtained simul-
taneously and hence provide the detailed varia-
tion in effective horizontal stress, ah, during
penetration, after penetration stops when conso-
lidation takes place, and during subsequent
shearing (e.g., additional penetration or shaft
rotation), and;
iii) the response time of both ah and u is very ra-
pid. This is illustrated in Fig. 2.5 which shows
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measurements obtained when the cell is inserted
in a pressurized water bath where the pressure
is varied rapidly with time.
These two new devices have not been fully utilized
todate in a comprehensive soil investigation program. However,
preliminary testing of the lateral cell has shown that: a) the
cell response, i.e., the ratio of the internal water pressure
to the outside pressure is equal to 88%, thus indicating a
reasonably small membrane stiffness, and; b) the zero of the
ah cell, i.e., the internal water pressure when the outside is
under atmospheric pressure, is very sensitive to temperature
changes. Careful monitoring of temperature is therefore re-
quired during use of the cell.
2.2 IMPORTANCE OF PORE PRESSURES DURING CONE PENETRATION
1) Soil Stratification
The quasi-static (dutch) cone penetration test is
widely used in Europe and in many parts of the world for soil
exploration (Sanglerat, 1972; ESOPT, 1974). Existing electri-
cal cone equipment enables essentially continuous measurement
of cone resistance, qc, and sleeve friction, fs, as the cone
is pushed in the soil. The continuous nature of the measure-
ments (with depth) has long been recognized as a major
The temperature is monitored by means of a thermistor
located within the cell. Preliminary results show that the
cell temperature equilibrates rapidly and varies very little
with depth.
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advantage over discrete measurements obtained by other means,
such as field vane or laboratory tests on soil samples for
describing stratification and variability of soil deposits
(e.g., Schmertmann, 1975).
The piezometer probe possesses basically the same
advantages for soil profiling. Figure 2.6 illustrates the
variation in penetration resistance, qc, and in penetration
pore pressure, u, between depths of 5 and 25 feet at Saugus,
Massachusetts. The soil profile consists of three distinct
layers of peat, clean sand and stiff clay. Clearly, the
piezometer probe offers very valuable complementary informa-
tion to the dutch cone for soil stratification.
2) Soil Identification
Sanglerat, et al. (1974) and Schmertmann (1977)
present similar methods for soil identification based on data
obtained from standard cone penetration tests (qc and f ).
s
Soils are classified by special zones in a plot of point resis-
tance, qc' vs. friction ratio, fs /qc. However, soil identi-
fication based on these plots is not always reliable, espe-
cially for: a) soft cohesive soils where fs is too small to be
measured accurately;b) intermediate soils such as silty sand,
sandy clays, etc. ... , and; c) stiff and hard clays which are
difficult to distinguish from loose and medium sands. Develop-
ment of empirical correlations incorporating pore pressures
generated during cone penetration should be more promising
for soil identification. For example, the sand layer in
Fig. 2.6 is clearly detected since the penetration pore
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pressure, u, is essentially equal to the equilibrium (hydro-
static) value, u .
Based on results in three clay deposits, Baligh
et al. (1978) suggest that the ratio u/qc is strongly related
to the overconsolidation of the clay. Such data are presented
in Fig. 2.7 for cone (qc) and piezometer probe (u) tests in the
top 100 ft of Boston Blue Clay in Saugus, Massachusetts. This
correlation can be explained by basic soil behavior concepts:
under undrained shearing, normally consolidated clays generate
large positive pore pressures whereas overconsolidated clays
generate smaller (or even negative) pore pressures. The curves
shown in Fig. 2.7 were obtained with results of two separate
tests (i.e., Dutch cone and piezometer probe) and an improved
trend should be obtained with the piezo-cone by eliminating
natural soil variability.
3) Basic Understanding of Cone Penetration
Major advances in soil mechanics occured after Ter-
zaghi introduced the effective stress principle (1936) and pore
pressure measurements in the laboratory established that ef-
fective stresses control many of the observed behavioral pheno-
mena in soils (e.g., strength, consolidation, etc. ... ,).
Pore pressure measurements are important in developing a sound
understanding of the mechanisms of cone penetration by pro-
viding, together with cone resistance, estimates of the ef-
fective stresses during penetration. This understanding is
essential for the rational interpretation of cone penetration
results.
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4. Skin Friction of Piles
For deep piles, such as those supporting offshore
structures, a large portion of pile capacity is derived from
skin friction, fs, along the shaft. Prediction of the limiting
skin friction that can be mobilized at the pile-soil interface
is, therefore, of primary importance.
Current design practice relies heavily on empirical
methods for predicting fs . In the last few years, a serious
attempt has been made to approach the difficult problem of
skin friction on piles in clays in a systematic and rational
manner. The "general effective stress method" (Esrig et al.,
1977) identifies the major problems affecting fs: the initial
soil conditions before pile installation followed by the ef-
fects of: a) pile installation: b) soil consolidation, and;
c) shearing (pile loading). Due to the similarity between the
processes of cone penetration and pile driving, the pore pres-
sures and effective stresses during cone penetration are of
primary importance for understanding the mechanism of pile
installation and its effect on soil stresses and properties.
Furthermore, the distribution of pore pressures and stresses
in the soil are essential for performing consolidation
analyses since they represent the initial conditions before
dissipation of excess pore pressures.
The new piezo-cell described in Section 2.1 which
measures both pore pressure and total horizontal stress
(and thus effective horizontal stress) is a very promising
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tool to evaluate predictions in each of the three steps of the
general effective stress method: installation, consolidation
and shearing.
5. Permeability (and/or Consolidation) or Soils
Inspection of the pore pressure dissipation after
penetration of piezometer probes provides qualitative assess-
ment of the permeability (and/or consolidation) characteristics
of the soil: fast dissipation in pervious soils and slow dis-
sipation in impervious soils. Torstensson (1975) suggests
an approximate interpretation method based on solutions to
simple cylindrical or spherical cavity problems to estimate
the coefficient of consolidation, c, of the soil. These
methods rely on questionable initial pore pressure fields (be-
fore consolidation starts) and hence, more realistic pore pres.
sure distributions during cone penetration are needed.
2.3 DIFFICULTIES IN ESTIMATING PORE PRESSURES
DURING CONE PENETRATION
2.3.1 Theoretical Predictions
The continuous deep penetration of a cone (or pile) in a
homogeneous mass represents a steady state problem, i.e.,
to an observer moving with the cone (or pile), stresses, strains
and deformations in the soil do not change with time. A com-
plete theory of cone penetration should determine stresses,
strains and displacements in the soil to satisfy the boundary
conditions corresponding to steady quasi-static penetration
and the field equations based on the actual soil behavior.
However, because of the complicated behavior of soils and
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the difficulties in expressing the boundary conditions at the
pile-soil interface, complete solutions of the penetration
problem are not available.
Existing theories of cone penetration require simplifying
assumptions regarding the problem geometry, the behavior of the
soil and/or the mode of deformation. Numerical methods (e.g.,
finite elements) provide promising means of solution but are
complicated by: a) the complex behavior of soils; b) the
large displacements associated with steady state penetration,
and; c) the large number of elements necessary to handle the
high stress and strain gradients around the conical tip.
Chapter 4 presents a new approximate method of solution
called the "strain path method" where the stresses are obtained
from an approximate velocity field satisfying the steady state
requirements.
2.3.2 In Situ Measurements
Figure 2.8 presents pore pressure measurements obtained
immediately after pile driving in four clay deposits. Re-
Au -
sults of the normalized excess pore pressure, -(a = initial
avo vo
vertical effective stress) plotted vs. the dimensionless
r **
radial distance to the pile axis, -(R = pile radius ) indi-
R
cate that:
Refer to Baligh et al. (1978) for a detailed review
of cone penetration theories in clay.
**
For piles with square cross-section, R is the radius
of an equivalent cylindrical pile with a cross-sectional area
equal to that of the actual pile.
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1) at the four sites, measurements exhibit consider-
able scatter near and far from the piles;
2) the excess pore pressures generated in the vicinity
of the pile shaft are very large and exceed the ini-
tial vertical effective stress. For example, Koi-
zumi and Ito (1967) measured Au = 6.7 a at the pile-
vo
soil interface;
3) excess pore pressures can be measured at very large
distances from the pile axis; up to 60 radii in
Fig. 2.8, and;
4) the distribution of pore pressure with the logarithm
of the radial distance cannot be fitted by a straight
line without significant simplification.
In order to gain more insight into the excess pore pres-
sure field caused by cone penetration in clays, in situ tests
were conducted by M.I.T. in June 1978 at the site of the 1-95
embankment in Saugus, Massachusetts, using piezometer probes.
The testing philosophy was as follows:
1) A probe is pushed to a given depth and left in
place until the pore pressure decay becomes neg-
ligible (i.e., until most of the consolidation has
taken place).
2) At a lateral distance Ar, a second probe is pushed
to a depth approximately 2.5 ft below the first probe
while readings of both probes are recorded.
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Steps 1) and 2) are then repeated in 5 ft increments by switch-
ing the roles of the static and moving probes until the desired
maximum depth is reached. Readings obtained from the static
probe in tests performed for different values of Ar can thus
provide the pore pressure distribution in the soil during cone
penetration. Figure 2.9.a shows the soil profile and the
testing scheme. Figures 2.9.b, c and d show the pore pres-
sure changes, Au, recorded by the static probe at different
depths when the radial spacing between probes, Ar = 2.1, 3.0
and 4.0 ft, respectively. In each figure, Au is plotted vs.
the difference in elevation Az between the two conical tips
(-2.5 < Az < 2.5 ft); negative values of Az correspond to
cases where the static (measuring) probe is below the moving
probe.
The results in Fig. 2.9 indicate that:
1) for a given spacing, Ar, and for approximately equal
depths, the curves of Au obtained with the two probes
(playing alternatively the role of the static mea-
suring probe) are very similar. This indicates that
the test is repeatable;
2) the results for Ar = 2.1 and 4.0 ft are consistent
(Au decreases with increasing Ar). On the other hand,
no significant excess pore pressures were recorded
for an intermediate spacing Ar = 3.0 ft, thus sug-
gesting that the probes in this test deviated from
Described in more details later in this chapter.
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their intended alignments;
3) the excess pore pressure magnitude shows no apparent
correlation with depth to the simplified soil profile
in Fig. 2.9; and, most importantly;
4) at all depths and all spacings,Au is negative when
Az is negative (ahead of the moving probe) and
becomes positive when Az is positive (behind the
moving probe). This is in agreement with measure-
ments obtained by: (a) Koizumi and Ito (1967)
where the incremental pore pressures measured on a
stationary pile at an elevation lower than the pile
being pushed (Az < 0) are negative (Au < 0), and;
(b) Roy et al (1979) where the pore pressures, during
pile driving, monitored by means of electrical
(Geonor) piezometer rigidly connected to the surface,
exhibit an identical pattern (Fig. 2.10). However,
this contradicts the trend predicted by simple
analyses (such as linear elasticity) where a soil
element located below the tip (Az < 0) should ex-
perience an increase in isotropic stress and,
therefore, an increase in pore pressure (Au > 0).
This surprising result can be explained by the
interference of the static (measuring) probe with
soil deformations. When the moving probe (or pile)
is pushed, the static probe cannot accommodate soil
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deformations and hence causes a relative displace-
ment with respect to the soil where it records the
pore pressure. During steady penetration of a coni-
cal probe, Chapter 5 will show that a soil particle
moves monotonically away from the cone axis (in the
radial direction),whereas the soil movement in
the vertical direction is first downwards and then
reverses direction when the cone approximately
reaches the elevation of the soil particle. Conse-
quently, the relative displacement between the static
(measuring) probe and the surrounding soil induces
first tensile and then compressive incremental pore
pressures due to the moving probe.
In conclusion, meaningful measurements of pore pressures
caused by cone (or pile) penetration are very difficult to
conduct because of: a) the interaction between the measuring
device and the surrounding soil, and; b) the difficulties in
estimating accurately the relative location of the moving tip
with respect to the soil element where pore pressures are mea-
sured.
2.4 SAUGUS TEST EMBANKMENT: SITE DESCRIPTION
A portion of the partially completed Interstate Highway
1-95 in Saugus, Massachusetts passes through a tidal marsh
overlying deep deposits of Boston Blue Clay. The embankment
design incorporated preloading of the foundation soils with
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surcharge fills in order to reduce post-construction settle-.
ments. Construction of 35 ft (10.7 m) high embankments began
in 1967 and was terminated in May 1969. Initial plans called
for removal of the surcharge and completion of construction in
1973. However, a moratorium on highway construction cancelled
further progress. Prior to this change of plans, M.I.T. in
cooperation with the Massachusetts Department of Public Works
(MDPW) had instrumented two experimental test sections at
Sta. 246 and 263 (see location plan in Fig. 2.11).
In 1974, M.I .T.and MDPW proceeded to remove part of the
fill at Sta. 246 to load the section at Sta. 263 until failure
in order to obtain insight in the profession's ability to pre-
dict stability and deformations. Predictions by eleven geo-
technical specialists were presented at a Symposium held at
M.I .T. in 1974 (M.I.T., 1975).
In 1977 and 1978, M.I.T. ran testing programs at both Sta.
246 and 263, including Dutch cone penetrometer, piezometer
probe and self-boring pressuremeter tests. However, because of
the failure that has taken place at Sta. 263 and the resulting
complicated state of stress, all field tests reported in this
thesis were conducted at Sta. 246. Figure 2.12 presents a
cross-section of the embankment at Sta. 246. The in situ tests
at Sta. 246 were performed 200 to 250 feet east off the embank-
ment centerline where the influence of the surcharge loads is
negligible and, therefore the soil can be considered in its
"virgin" state.
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In addition to index and consolidation tests, laboratory
investigations of the undisturbed and resedimented Saugus Bos-
ton Blue Clay prior to 1977 included unconfined compression,
unconsolidated-undrained triaxial compression, consolidated-
undrained triaxial compression and triaxial extension, Ko
consolidate-undrained triaxial compression and triaxial exten-
sion, Ko consolidated-undrained plane strain compression and
plane strain extension and KO consolidated-undrained direct
simple shear tests. In 1978, Atterberg limits, incremental
oedometer and constant rate of strain consolidation tests and
unconfined compression tests were run on Boston Blue Clay
undisturbed samples taken adjacent to the pressuremeter
testing site (Ladd, et al. 1979). The simplified soil pro-
file, natural water content, Atterberg limits and stress his-
tory at Sta. 246 are shown in Fig. 2.13. Relatively thin
layers of peat, sand and stiff overconsolidated clay cover up
to 100 ft (30 m) or more of medium to "soft" Boston Blue Clay.
The Wisconsin glaciation era deposited a layer of till over
shale bedrock. Glacial clay sediments were probably deposited in
brackish water some 14,000 years ago. Subsequently, during
the Valder's glacial substage, sea level fell with respect to
land, causing the clay sediments to emerge from below sea level.
Erosion, weathering and desiccation resulted in the formation
of the overconsolidated medium to stiff Boston Blue Clay.
During warmer climates, sea level rose rapidly, depositing
sand on the clay surface. As the sea level continued to rise
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to its present level, organic silt, shells and peat covered
the entire area. Kenney (1964) presents a detailed description
of the geologic history of the post-glacial marine deposits
in the Boston area.
In recent history, the water table stood at approximately
El.+2. However, an artesian pressure has been consistently
observed in the underlying glacial till. The current magnitude
of this artesian head is still under investigation, but for
purposes of calculations, a 10 ft (3.1 m) artesian head in the
till was selected based on piezometer readings and results of
piezometer probe tests (see Fig. 2.14).
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Figure 2.1 Diagram of the Fugro electrical cone with
friction sleeve (from Sanglerat, 1972).
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Figure 2.2 Schematics of piezometer probes used at M.I.T.
(after Wissa et al., 1975, and Baligh et al., 1978).
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Figure 2.6 Cone penetration for soil profiling: q and u for two tests
c
performed 45 ft apart in Saugus, Massachusetts
(after Baligh and Vivatrat, 1979).
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a) b) c) d)
Bjerrum and Lo and Koizumi
Reference Johannessen Stermac and Ito Roy et al.
(1960) (1965) (1967) (1979)
Site Location Wallaceburg Otemachi Saint Alban
Southern Norway Ontario, Canada Tokyo, Japan Quebec, Canada
Normally Cons. Soft to firm Very sensitive Very sensitive
marine clay silty clay slightly org. marine soft
silty clay silty clay
Soil Type PI = 20-30 PI = 20 PI = 60 PI = 20
OCR = 1 OCR 1 I OCR = 3-4 OCR = 2-2.3
s = 1.5-3 T/m2 s = 2-2.5 T/m2 s = 2.5-4 T/m2 s = 1-3 T/m2
Su = 4-12 S = 4-6 Su very large Su =16t t  t  t
20x20 cm steel 8.9 cm diameter 30 cm diameter 21.9 cm diameter
Pile Type piles (hallow steel pipe steel casing steel casing
box section)
Pile Length = 20 m (to rock) 15 m 5.5 m 7.5 m
Piezometer: Pore pressure Gloetzl cells on
Type of pore pressure NGI piezometer type not cells on piles piles + Geonor
measuring device reported + piezometers electr. piezom.
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Au, excess pore water pressure, kPa
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Figure 2.10 Pore pressures measured during driving in the soil
surrounding a pile (after Roy et al., 1979).
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CHAPTER 3
EXPANSION OF CAVITIES
The expansion of (cylindrical or spherical) cavities in
an infinite medium, provided some assumptions are satisfied,
can be reduced to a one-dimensional problem where deformations
and strains are determined from geometrical considerations.
Consequently, numerous closed-form solutions were obtained
using relatively simple stress-strain laws and numerical solu-
tions are available for complicated soil models.
This chapter first presents the strain fields during cy-
lindrical and spherical cavity expansion in incompressible
materials (clays) and the assumptions required for the one-
dimensional treatment of these problems. A review of closed-
form and numerical solutions is then given with special emphasis
on their applications to deep penetration problems. A new
numerical method for predicting stresses and pore pressures
during the expansion of a cylindrical cavity using deviatoric
stress and shear induced pore pressure models or special labor-
atory test results is proposed. This numerical method is later
utilized in Chapter 8 to predict stress and pore pressure dis-
tributions around a cylindrical cavity expanded in normally
consolidated Boston Blue Clay. Finally, the limitations of the
All field variables are only a function of the radial
coordinate.
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cylindrical cavity expansion approach to evaluate stresses and
pore pressuresaround driven piles are discussed.
3.1 STRAIN FIELD
The strains generated by the expansion of cylindrical and
spherical cavities are very large in the vicinity of the cavity
wall. Therefore, care should be exercised in defining the
strains. Two types of strains are commonly used in the solu-
tion of cavity expansion problems: the infinitesimal (or
Cauchy ) strains and the natural (or logarithmic) strains.
The use of infinitesimal strains should be limited to small de-
formation gradients (a few percent), to avoid significant
errors. Fortunately, most of the closed-form solutions are
derived for an elastic-perfectly plastic soil model for which
the stresses in the plastic zone (where strains are large)
are independent of the strains; and, the outer elastic zone
starts at a large enough radius where, in most practical
problems, strains are small. However, when strain-softening
or strain-hardening behavior is considered, finite strains
must be adopted.
In problems where, at large strains, the elastic strain
increments can be neglected in comparison to the plastic strain
increments, Malvern (1969, pp. 333-334) recommends using the
natural strain increment. This avoids the use of more compli-
cated finite strain tensors.
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3.1.1 Cylindrical Cavity
The strain field around an infinitely long vertical cy-
lindrical cavity in an infinite medium is independent of the
constitutive equations of the soil when the following require-
ments are met:
(1) the soil is homogeneous, i.e., identical properties
at all points in the soil mass;
(2) the soil is cross-anisotropic, i.e., all stress-
strain relations are isotropic in the horizontal
plane, and;
(3) the soil is incompressible.
As a consequence of these assumptions, the expansion of a cy-
lindrical cavity is an axisymmetric (one-dimensional) problem
where all field variables depend only on the radial distance,
r, from the cylinder (vertical) axis.
Considering a soil element at a radius p subjected to an
infinitesimal outwards radial displacement, dp, the correspon-
ding circumferential strain increment dce is given by:
de = - d  (3.1)S p
Due to soil incompressibility and plane deformations (dez = 0),
the radial strain increment, de r , is (Appendix A):
der = - d6e (3.2)
During monotonic expansion of a cylindrical cavity, the
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strain path is linear (der = - dee ; dez = 0) and, the final
natural strains of any element are sufficient to describe its
strain history (see Chapter 5).
The final natural strains are obtained by integration:
r
r dp rEr = d = () (3.3.a)
or 0O
0
E r p n(r 0  (3.3.b)
Sz = dez  0 (3.3.c)
ro
where r0 and r are the initial and final radii, respectively,
of the soil element. The relationship between ro and r is ob-
tained by invoking the conservation of volume (or mass) equa-
tion and knowing the initial radius of the cavity (before ex-
pansion).
The final expressions of the strains are then obtained as
a function of the radius r (in the deformed geometry) and of the
amount of expansion of the cavity (see Appendix A).
3.1.2 Spherical Cavity
The strain field around a spherical cavity in an infinite
medium is independent of the constitutive equations of the soil
when the following requirements are met:
(1) the soil is homogeneous;
(2) the soil is isotropic, and;
(3) the soil is incompressible.
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As a consequence of these assumptions, the expansion of a
spherical cavity becomes a spherically-symmetric (one-dimen-
sional) problem where all field variables depend only on the
radial distance, r, from the sphere center.
Considering a soil element at a radius p subjected to an
infinitesimal outwards radial displacement, dp, the corres-
ponding circumferential strain increments dee and de are
given by:
dp
dE = de = - - (3.4)
Due to soil incompressibility, the radial strain increment,
der is (Appendix A):
der = - 2de (3.5)
During monotonic expansion of a cylindrical cavity, the
strain path is linear (de = - 2dee = - 2 de ) and, the final
natural strains of any element are sufficient to describe its
strain history (see Chapter 5).
The final natural strains -are obtained by integration:
2 dp r
=
-- = 2 = 2 n(-) (3.6.a)
r
o
_f=C r 0 (3.6.b)
r
where r0 and r are the initial and final radii, respectively,
of the soil element. The relationship between r0 and r is
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obtained by invoking the conservation of volume (or mass)
equation and knowing the initial radius of the cavity (before
expansion).
The final expressions of the strains are then obtained as
a function of the radius r (in the deformed geometry) and of
the amount of expansion of the cavity (see Appendix A).
Figure 3.1 shows a comparison between the maximum natural
1 *
shear strains Ymax = (E- ) during the expansion of cylin-
drical and spherical cavities from a zero radius. For cylin-
drical and spherical cavities,. y is respectively given by:
1 R2
ma= -1 Zn(l - R) (3.7.a)
max 22 r
1 R
and Ymax = - - n(l - ) (3.7.b)max 32 r
where R is the final cavity radius. Figure 3.1 indicates:
1) the cylindrical cavity expansion causes higher ymax than
the spherical cavity expansion; 2) near the cavity wall
r(r < 1.5), ymax for cylindrical and spherical cavities are
close and approach infinity at r = R, and; 3) ymax caused by
spherical cavity expansion decays much faster with r than that
caused' by cylindrical cavity expansion.
3.2 LITERATURE REVIEW
Table 3.1 summarizes existing solutions for cylindrical
and spherical cavity expansions that were developed for three
C= r and es = E are derived in Appendix A.1
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main applications: (a) the evaluation of point resistance
during cone penetration; (b) the interpretation of the pres-
suremeter test, and; (c) the prediction of stress and pore
pressure distributions around piles.
3.2.1 Cone Penetration Resistance
The analogyy between cone penetration and expansion of
cylindrical and spherical cavities was first proposed by
Bishop, Hill and Mott (1945). In interpreting results of the
indentation of hardened copper by well lubricated cylindrical
punches with conical heads, they conclude that the contact
pressure on the head of a punch several diameters deep in the
hardened copper lies between the expansion pressure of a cylin-
drical cavity for a very sharp cone, and some value below the
expansion pressure of a spherical cavity for a blunt cone
(provided friction is eliminated). Therefore, according to
Bishop et al., the expansion pressures for cylindrical and
spherical cavities provide lower and upper bounds, respec-
tively, to the penetration resistance of a frictionless probe.
Bishop et al. also determine these expansion pressures based on
the stress-strain curve of a tension test and, show that ex-
perimental results in hardened copper are within 15% of the
predicted values.
Different attempts were subsequently made to extend
the above theory to deep bearing capacity in clays. Most
of these methods have no solid theoretical basis and rely on
See Baligh et al. (1978) for further details.
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engineering judgement.
3.2.2 Interpretation of the Pressuremeter Test
Following the developments of self-boring pressuremeters
in France and in England, new theoretical analyses for inter-
preting the undrained pressuremeter test were independently
proposed by Baguelin et al., Ladanyi and Palmer in 1972.
These identical solutions assume that the soil has a unique,
but not predefined, stress-strain relationship which is de-
rived from the experimental pressure-volume curve by numeri-
cal differentiation. A review and discussion of these methods
have been recently presented by Baguelin et al. (1978) and
Ladd et al (1979).
3.2.3 Stress and Pore Pressure Distributions Around Piles
Ladanyi (1963) developed a numerical method for obtaining
both total stresses and pore pressures at different radii
after expansion of a cylindrical (or spherical) cavity in an
infinite medium. As a first approximation, he utilizes the
curves of shear stress vs. shear strain and mean effective
stress vs. shear strain from a CIU triaxial compression test
to simulate the soil behavior during cavity expansion. The
equation of equilibrium is numerically integrated so that
general (nonlinear) stress-strain curves can be considered.
However, Ladanyi's numerical method is only applicable to an
isotropic medium, initially under an isotropic state of stress,
in which the vertical stress increment is related to the
radial and circumferential stress increments by the equation:
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Aaz = k(Aar + Aae).
Butterfield and Bannerjee (1970) approximate the stress
distribution around the shaft of a long driven pile by super-
imposing the stresses due to expansionof a cylindrical cavity
to the stresses caused by a uniform boundary shear (vertical
shaft friction). The shear stress distribution at different
radii is obtained directly by integrating the equation of ver-
tical equilibrium and by imposing the boundary conditions
at the pile-soil interface. The addition of shaft friction
does not represent significant complications.
Unfortunately, the results presented by Butterfield and
Bannerjee are in error. They neglect conservation of volume
leading to overestimation of the stress changes in the elastic
zone by a factor of four. The theoretical derivations con-
ducted by Butterfield and Bannerjee have been corrected and
are given in Appendix A. The results of these analyses show
that:
(1) the radius of the plastic zone is not significantly
w*
affected by the shaft friction, and;
(2) the radial stress increase (above its initial value)
See discussion by Randolph and Carter (1979).
A shaft friction equal to the undrained shear strength,
s , increases the radius of the plastic zone by less than
0.5% when the rigidity index, IR = G/s , is greater than 50
(as compared to the case of no shaft friction).
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at the cavity wall is reduced by approximately 10% for typi-
cal values of the rigidity index (IR = G/su = 50-200), when
a shaft friction equal to the undrained shear strength, su ,
is considered.
Carter et al. (1978) employ the finite element techni-
que for predicting the stresses due to pile driving which is
modelled by simple cylindrical cavity expansion. They utilize:
(a) an elastic-perfectly plastic material model (for checking
their numerical results against closed-form solutions) and;
(b) a modified Cam-Clay model. After conducting parameteric
studies by varying the overconsolidation ratio (OCR) on a
hypothetical clay with engineering properties similar to
those of Boston Blue Clay, they conclude that:
a) the ratio of the limit pressure (i.e., the limiting
radial stress at the soil-pile interface) to the undrained
shear strength is nearly independent of the OCR, and;
b) for high values of OCR (> 8) tensile circumferential
effective stresses, ae , are predicted at intermediate radii
(between 6 and 15 pile radii). Otherwise (OCR < 8), ae re-
mains positive.
The predictions of Carter et al. in the case of OCR = 1
are compared in Chapter 8 with results of a new numerical
method presented later in this Chapter.
3.2.4 Soil Fracturing During Cavity Expansion
Massarsch and Broms (1977) and Massarsch (1978) investi-
gate the development of vertical cracks in the soil around
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a pile during driving. They model pile installation by the
expansion of a cylindrical cavity in an elastic-perfectly
plastic material and estimate the excess pore pressure by means
of Henkel's equation (1960). From the results of their
analyses, they conclude that:
(1) cracks caused by hydraulic fracturing can develop
in clay (especially in normally consolidated clay) during
pile driving, and;
(2) these cracks are vertical, independently of the co-
efficient of lateral earth pressure at rest, K .
The analyses performed by Massarsch and Broms are very
crude and, as pointed out by Carter and Randolph (1979), they
lead to unrealistic effective stresses. Moreover, the porepressure
predictions are based on Henkel's equation proposed in 1960
that he later corrected (Henkel and Wade, 1966). In Appen-
dix A, the analyses of Massarsch and Broms have been revised
with the correct pore pressure equation and the proper expre-
sion of the vertical total stress at yield. Results of these
analyses are summarized in Fig. 3.2 in which the critical pore
pressure parameter, Af (representing the minimum value of Af
to obtain tensile circumferential effective stress in the plas-
tic zone), is plotted against the coefficient of lateral earth
pressure at rest, Ko; for different values of the normalized
S
strength-- . For comparison, the predictions obtained by
Uvo
Massarsch and Broms are plotted as dotted lines in the same
See Chapter 7 for details.
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figure. Results in Fig. 3.2 lead to the following conclusions:
(1) the analyses of Massarsch and Broms are correct when
Ko = 1 (isotropic initial state of stress) and
approximately correct for large strength (e.g.,
s
= 1.0), and;
avo
(2) for normally to slightly overconsolidated clays
(Ko < 1) the initial Af predicted by Massarsch and
Broms is too low, whereas, the inverse is true for
K > 1.
Three case studies, presented by Massarsch (1978), are
shown in Table 3.2. In this table the critical Skempton's
parameters, Af, obtained with Massarsch's analyses are compared
to those computed with the revised analyses in Appendix A. As
indicated in Table 3.2, the last case study (Ursvik site at
10 m depth) cannot be analysed by means of the isotropic Von
Mises yield criterion became the quoted value of the undrained
s
shear strength (.u = 0.267) is too low, even to sustain the
Cvo
initial KO condition. Nevertheless, the other case studies in
Table 3.2 show that hydraulic fracturing should not take place
at these sites.
In conclusion, the analysis of hydraulic fracturing in
clay around driven piles by methods proposed by Massarsch and
Broms (1977) indicate that, contrary to their results, frac-
turing is unlikely to occur. However, these methods are not
reliable because: (a) the very idealized soil model provides
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only approximate total stress distributions, and; (b) the
excess pore pressure in the plastic zone is very sensitive to
the estimated values of the A parameter which depends signifi-
cantly on the strain level (see Chapter 7).
As mentioned earlier, Carter et al conducted similar
parametric analyses on a hypothetical clay using critical
state concepts. They conclude that tensile circumferential
effective stresses appear away from the pile only for large
values of the overconsolidation ratio (OCR > 8) and, thus, con-
tradict Massarsch and Broms conclusions.
Tensile effective stresses may indeed appear during pile
driving. However, more careful estimates of effective stresses
must be performed before the occurance of hydraulic fracturing
can be ascertained.
3.3 PROPOSED NUMERICAL SOLUTION
This section presents a new numerical method for evalu-
ating stresses and pore pressures caused by the undrained ex-
pansion of a cylindrical cavity starting from zero radius or
a finite radius R . This numerical method is simple to use and
yet more general than existing methods (Ladanyi, 1963) because
it does not impose a predetermined variation of the vertical
total stress during cavity expansion. The method is summarized
in Fig. 3.3.
3.3.1 Stress-Strain Curves
In order to solve cavity expansion problems, three stress-
strain curves describing soil behavior during shear are needed
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(Figure 3.3.a):
(1) the stress difference (Or - ae) vs. radial (natural)
strain, e r , where ar and ca are the radial and cir-
cumferential total stresses, respectively;
(2) the vertical deviatoric stress, sz, vs. radial
(natural) strain er , where sz = a - aoct' a z is the
vertical total stress and aoct = 1/3(a r + a + z ),
and;
(3) the shear induced pore pressure, Aus, vs. radial
(natural) strain, where Aus = Au - Aaoc t and Au is
the excess pore pressure.
Ideally, these stress-strain curves should be obtained
from results of a CKoU true triaxial test on an undisturbed
clay sample sheared under plane strain conditions in the ver-
tical direction (i.e., dez = 0) by increasing one horizontal
z
normal strain (say der = - d e > 0) and monitoring the three
principal normal stresses (ar' 00 and a ) and the excess pore
pressure, Au. However, such plane strain tests on clay are
still in a developing stage and they are very difficult to per-
form and interpret.
Another alternative consists of utilizing a deviatoric
stress-strain model together with a shear induced pore pres-
sure-strain model, such as those presented in Chapters 6 and 7,
respectively, where the stress-strain curves in the cavity
See Chapter 7 for further discussion of Au
s
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expansion mode of shearing are predicted from the stress-strain
curves in the triaxial compression and extension modes.
3.3.2 Problem Discretization
Due to the axial symmetry of the problem, variables depend
on the radial coordinate, r, only (R I r < • , R = cavity ra-
dius). In order to use numerical solutions, the r-axis is
divided into a finite number, n, of segments defined by the
points M , M , ..., Mk' Mk+",..., Mn at decreasing radii
r0, r,,..., rk, rk+i' ... rn, Fig. 3.3.c. The outer point, M0 ,
is chosen far enough from the cavity so that its axial strain,
Er, is negligible and, therefore, the state of stress is ap-
proximately identical to that of the far field (r o w); the
inner point, Mn , is located very close to the cavity wall such
that its radial strain has a finite magnitude (in the case of
a cylindrical cavity expanded from a zero radius). The points
M , M , ... Mn are not equally spaced. In order to increase
accuracy a finer mesh is required near the cavity where stress
and strain gradients are high.
3.3.3 Boundary Conditions
Two boundary conditions are required:
1) in the far field, at point Mo (Fig. 3.3c), the initial in
situ stresses do not change during expansion:
a z  vo + O
or = ae = Ko avo + u o  (3.8)
Au = Aus = 05
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where vo and uo are the initial vertical effective stress and
initial ambient pore pressure, respectively and, K0 is the co-
efficient of earth pressure at rest, and;
2) at the cavity wall, the radial displacement is equal to
R - R where R and R are the initial and final radii of the
cavity, respectively.
3.3.4 Numerical Procedure
The radial (natural) strain, er, at a radius r (in the de-
formed position) from the cavity axis after expansion of a cy-
lindrical cavity from a radius Ro to a radius R has been
derived in Appendix A and, is given by:
2 2R - R2
r = - ½4 n[l - ( 2 )] (3.9)
The equation of equilibrium in the radial direction with no
body forces reduces to:
do r  ar - ad + = 0 (3.10)
dr r
Using the backward difference operator to approximate dor
dr
and expressing equilibrium at point Mk+i , the following
recurrent equation is obtained:
r - rk+
(ar)k+1 = (ar)k + (  ) (or - Ye)k+1 (3.11)
k+l
If the cavity is expanded from zero radius, the radial
strain equation is obtained by setting Ro = 0 in Eq. 3.9.
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The numerical procedure proceeds then as follows:
(1) compute the radial strain (E r)k+1 at point Mk+ ,
from Eq. 3.9;
(2) obtain the corresponding (ar - a)k+,  (Sz)k+I and
(Aus)k+i from the stress-strain curves (Fig. 3.3a);
(3) calculate the radial total stress (ar)k+1 at point
Mk+l using Eq. 3.11, and;
(4) evaluate the circumferential and vertical total
stresses, (a e )k+ , and (az)k+1, together with the
excess pore pressure, (Au)k+i' at point Mk+,, by
means of the following equations:
(ae)k+i = (ar)k+i
(aoct) k+i
in which
- (ar 
- ye)k+1
= [ (ar)k+i +(ac)k+ +(S z)k+ i]
(z) k+i = (Sz)k+ + (aoct) k+i
(Au)k+l = (AUs)k+i + (aoct) k+
1 + 2K
(a ct)o = Uo + ( ) vo3
- (aoct) o
Steps (1) through (4) are started at point M I (i.e., k = 0)
and repeated n times until point Mn is reached. Once the total
stress and pore pressure distributions are evaluated, the ef-
fective stress distributions are simply obtained from the
following equations:
ar =  - u - Au; ae= e - u0 - Au, and a = a - u - Au
(3.17)
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(3.12)
(3.13)
(3.14)
(3.15)
(3.16)
This numerical method is very well suited for implementa-
tion into a computer program and great accuracy can be achieved
by using a sufficient number of nodal points (n + 1) and an
adequate spacing. The method was applied to normally consoli-
dated Boston Blue Clay to study the soil stresses during expan-
sion of a cylindrical cavity from zero radius (for application
to cone penetration) and from a finite radius (for application
to the pressuremeter test). The results are presented and dis-
cussed in Chapter 8.
3.4 LIMITATIONS OF THE CAVITY EXPANSION APPROACH
The undrained cavity expansion solutions can be used to
model two aspects of pile driving (or cone penetration) in clays:
a) the prediction of point resistance which is influenced by
the soil close to the tip, and; b) the prediction of the stress
distribution around the shaft at some distance behind the tip
(several shaft diameters).
3.4.1 Prediction of Point Resistance
Experimental studies have shown that the displace-
ment pattern around pile tips (Clark and Meyerhof, 1972; Roy,
et al., 1975) are similar to those resulting from the super-
position of spherical and cylindrical cavity expansions. How-
ever, little reliable information regarding point resistance
can be derived from these findings unless stress fields are
also carefully examined. Deep penetration in clay is a two-
dimensional problem and its modelling by means of one-
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dimensional problems can only be approximate. The predicted
expansion pressures of spherical and cylindrical cavities
appear to provide reasonable upper and lower bounds, respec-
tively, to the penetration of well lubricated cones in metals
(as demonstrated by Bishop et al., 1945). Nevertheless, exten-
sion of this concept to clays is not warranted because of the
complexities of soil behavior (e.g., undrained strength aniso-
tropy, strain softening, etc.).
3.4.2 Stress Distribution Around Pile Shafts
The state of stress around pile shafts immediately
after driving is very important because it constitutes the
first step in predicting the final (after consolidation) skin
resistance of piles. The modelling of pile installation by
means of the expansion of a cylindrical cavity is very attrac-
tive because of the resulting simplifications in the analysis.
Randolph et al. (1978, 1979) measured radial soil displacement
in pile model tests, Fig. 3.4, and conclude that the cylindri-
cal cavity expansion theory can be used with confidence to
estimate the radial stresses in the soil caused by pile instal-
lation. However, serious doubts regarding the validity of this
approach must be noted: (1)Randolph etal., neglect the impor-
tance of the strain path followed by soil elements to reach
their final state of strain. Chapter 5 shows that although
soil particles move monotonically away from the pile axis, the
radial strain decreases slightly behind the tip. Such an un-
loading can produce a drastic change in the state of stress.
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Pore pressure measurements at different locations on the tip
and along the shaft behind it indicate that the clay-expe-
riences significant unloading which support, at least qualita-
tively, the theoretical predictions in Chapter 5, and; (2) the
cavity expansion neglects vertical strains, z , and shear
strains, erz' which might be important.
In summary, the cavity expansion approach should be con-
sidered as a convenient but crude method for predicting
the effects of pile installation or cone penetration.
3.5 SUMMARY AND CONCLUSIONS
Closed-form solutions exist for the expansion of a
spherical cavity in an isotropic incompressible material and
for the expansion of a vertical cylindrical cavity in a cross-
anisotropic incompressible material when simple stress-strain
laws are used.
Although such solutions are relatively easy to obtain,
two erroneous analyses have been found in the literature and
have been reanalyzed in Appendix A:
(a) Butterfield and Bannerjee (1970) who approximate
the stress distribution around the shaft of a long driven
pile by superimposing the stresses due to expansion of a
cylindrical cavity to the stresses caused by a uniform boun-
dary shear utilize an unacceptable deformation field which
does not satisfy the conservation of volume requirement. Re-
analysis of this problem shows that, contrary to their
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conclusion, introduction of boundary shear stresses does
not affect significantly the stress distributions, and;
(b) Massarsch and Broms (1977) who investigate the de-
velopment of vertical cracks in the soil around a pile during
driving utilize: (1) the original Henkel's equation (1960)
that was subsequently corrected (Henkel and Wade, 1966),
and; (2) an equation for the final total vertical stress that
is only applicable to initially isotropic stress fields. The
corrected analysis yield results showing that hydraulic frac-
turing is unlikely to occur for typical clays (Fig. 3.2).
In this chapter, a new numerical method is proposed for
solving the expansion of a cylindrical cavity when more com-
plicated soil models are considered or when experimental re-
sults from true triaxial tests on clay specimens sheared in
the appropriate mode become available. This numerical method
is simple to use and yet more general than existing methods
(Ladanyi, 1963) because it does not impose a predetermined
variation of the vertical total stress during cavity expan-
sion.
The modelling of pile installation by means of cy-
lindrical cavity expansion is attractive because of the sim-
plifications it offers in the analyses. However, this method
raises serious doubts and more research is needed in order
to evaluate its validity. In particular, theoretical strain
predictions (Chapter 5) supported qualitatively by pore pres-
sure measurements indicate that although the radial
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displacements are very similar for the two problems, the
strain path followed by soil elements are much more complex
during pile installation than during cylindrical cavity
expansion.
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Cavity Initial Proposed Remarks
Author Material Model Stresses Applications
Cyl. Sph.
Bishop, Hill and Mott x x Elastic-plastic Not considered Metal indentation Closed form solutions ex-
(von Mises) perimental results of copper
(1945) strain hardening (presumably indentation compare well with
isotropic) theoryj use natural strains.
Chadwick x Elastic-perfectly Isotropic Cylindrical cavity Considers both loading (expan-
plastic (Tresca) expansion in soils sion) and unloading (contrac-
(1959) and metals tion) of a spherical cavity.
Gibson and Anderson x Elastic-perfectly ar - a Interpretation of Closed form solution
plastic (Tresca) the pressuremeter
(1961) test
x x Experimental Isotropic - Stress distribu- - Numerical integration of
stress and mean tion around equilibrium equations
Ladanyi effective stress cavities - Predicts both total stresses
vs. strain curves - Bearing capacity and pore pressures.
(1963) determined from of deep founda-
triaxial test tions
- Excess porc
pressure distri-
bution around
driven piles
Butterfield and x Elastic-perfectly Isotropic - Stress and pore - Closed form solution
Bannerjee plastic pressure dis- - Consider boundary shear(Von Mises) tributions stresses (shaft friction)
(1970) around driven - Error in equations (do not
piles satisfy the conservation
of volume; see Appendix A
for correct solution).
Baguelin et al. x General (non ar 8  Pressuremeter Provide a method of inter-
linear) stress- test pretation of the pressure-
(1972) strain curve meter test (i.e., obtain
stress-strain curve from
expansion curve).
Ladanyi x General stress- or :c Pressuremeter Same as above.
strain curve test
(1972)
Palmer x General stress- a = a Pressuremeter Same as above.
(1972) strain curve r 6 test
x x Elastic-perfectly Isotropic - Ultimate cavity - Considers volume changeVesic plastic pressure for drained expansion
(1972) - Evaluation of - Evaluates pore pressures
pressure- and total stresses for
meter tests undrained expansion
- Evaluation of
excess pore
pressures due
to pile driving
Prevost and Hoeg x Elastic-plastic Isotropic Pressuremeter - Provide mathematical
(Von Mises) test expressions for the yiel'
(1975) w/ isotropic function to obtain closed
hardening or form solution )f -tr5-se4 .
softening
Carter, Randolph x Modified cam- K Stress distribu- Finite element analysis
and Wroth clay condition tion along the
shaft of a driven
(1978) pile
NOTE: All references consider a) an incompressible isotropic homogeneous non viscous material (unless otherwise indicated)
b) plane strain deformations in the cylindrical cavity expansion with jaz = ½(urz + ý0o)
Table 3.1 Summary of available solutions for cylindrical and spherical
cavity expansion.
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(1) From field vane tests
(2) From Equation A.36
(3) From laboratory test
(4) Estimated by Massarsch (1978)
(5) This case cannot be analysed with Von Mises yield criterion:
strength is too low to sustained initial shear stresses
(K condition)
Table 3.2 Reanalysis of Case Studies for Potential Hydraulic Fracturing
During Pile Driving (Geotechnical data from Massarsch, 1978)
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(1) Af Critical
su  (2)
Site Depth K-- A Massarsch Corrected
(m) vo (1978) Analyses
BACKEBOL 10 0.55 0.417 0.8 0.52 1.37
URSVIK 6 0.75 0.342 1.0 ( 4) 1.02 1.77
URSVIK 10 0.50 0.267 1.0(4) 0.84 --- (s)
_zI-
Z
JX)ti4wI
XC,,4;I-
I 2 5 10 20 50 100
NORMALIZED RADIUS , r/R
Figure 3.1 Maximum natural shear strain, Ymax, vs radial distance during
expansion of cylindrical and spherical cavities from zero
radius.
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Figure 3.2 Critical "A" parameter to produce tensile circumferential
effective stress in the plastic zone after expansion of a
cylindrical cavity.
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CHAPTER 4
THE STRAIN PATH METHOD
4.1 INTRODUCTION
The prediction of foundation performance is one of the
most challenging aspects of geotechnical engineering. Be-
cause of the complexity of soil behavior and soil variability,
complete solutions to practical problems are not available
and the engineer relies on empirical and/or simplified
rational approaches. For example, the prediction of found-
tion settlement on sand deposits by means of the standard
penetration test results (N-values) represents an em-
pirical method (Terzaghi and Peck, 1967) whereas predictions
according to the stress path method (Lambe, 1967) are based
on a more rational, yet simplified,method. Reliable em-
pirical methods require very large data bases and are dif-
ficult to adapt to slightly different or new situations. Sim-
plified methods require engineering judgement in selecting
the input parameters and in interpreting the results.
The "stress path method" (Lambe, 1967) provides an
integrated and systematic framework for elucidating and
solving stability and deformation problems. The application
of the stress path method to deformation problems consists
of the following steps: 1) estimate the stress history at
selected locations in the soil mass and the stress increments
caused by the foundation on the basis of equilibrium
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requirements; 2) conduct laboratory tests on samples ob-
tained from those locations in order to subject the soil to
the same stress path expected in the actual problem, and;
3) integrate the strains obtained from laboratory tests to
predict displacements.
The stress path is an approximate method because, even
under ideal conditions of sampling and testing capabilities
involving an infinite number of samples, the compatibility
of strains is not satisfied. A compatible strain field would
be obtained if and only if the estimated stress increments
were identical to those actually experienced in the field.
The latter depends on soil behavior and cannot, therefore, be
known a priori.
The stress path method proved successful for predicting
the performance of surface structures, e.g., excavations,
shallow foundations, natural slopes, earth dams, etc.,...
(Lambe and Marr, 1979). The success of the stress path
method in solving shallow foundation problems: is due to
the essentially stress-controlled characteristic of surface
problems where stress increments can be predicted with suf-
ficient accuracy by simplified methods (e.g., analytical or
numerical elastic analyses).
On the other hand, attempts to use the stress path method
The deformations depend on the path of integration of
the strains.
Where the depth of the foundation soil below ground Sur-
face is "small" compared to its lateral extent.
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for deep foundations encountered major problems caused by
the difficulties of estimating incremental stresses. Lambe
and Horn (1965) utilized the stress paths obtained from tri-
axial extension tests (assuming A v = 0 and Aa = Aa ) tov 6 r
provide insight into the problem of pile installation in
clays. D'Appolonia (1971) and Hagerty and Garlanger
(1972) applied this insight to predict pore pressures caused
by pile installation. Vijayvergia and Focht (1972) ex-
tended the concept further and relied on the "Rankine passive
earth pressure" to formulate the very popular semi-empirical
X-method for pile design in clays, especially offshore. The
Rankine passive state follows directly from the use of tri-
axial extension tests, but actually has little in common
with the stress state in the soil caused by pile driving
because: 1) the vertical stress can change significantly
(i.e., Aov 3 0) and, more importantly, 2) the tangential
stress, cV, is far from being equal to the radial stress,
Ur, during soil shearing (i.e., AO e Ar).
In deep penetration problems, experimental observations
(Rourk, 1961; Vesic, 1963; Robinsky and Morrison, 1964;
Szechy, 1968; and others) indicate that soil deformations
caused by penetration of a rigid indenter are similar in dif-
ferent soils even though the penetration resistance can be dras-
tically different (i.e., soil stresses are very different).
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This implies that deep steady cone penetration problems are
basically strain-controlled and that the associated deforma-
tions are not very sensitive to soil behavior. Baligh (1975)
outlined an approximate method that he later called the
"strain path method" (Baligh et al., 1978) for solving
these problems. In this approach, the strain path of
selected elements is estimated from a deformation pattern
(velocity field) chosen on the basis of kinematic require-
ments. Laboratory tests are then conducted or, alternatively,
appropriate constitutive laws used, to determine the devia-
toric stresses in these elements when subjected to the es-
timated strain paths. The octahedral (isotropic) stresses
are then estimated by integrating the equilibrium equations.
Figure 4.1 compares the strain and stress path methods
to identify their strong similarities. As indicated in
Fig. 4.1, the strain path method is approximate because the
estimated stresses will not, in general, satisfy the equili-
brium requirements, unless the estimated strain field is
identical to the actual one.
In this Chapter, the application of the strain path
method to deep steady cone penetration in clay is described.
The limitations of the method are discussed and means to
assess the accuracy of the solution are proposed.
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4.2 APPLICATION OF THE STRAIN PATH METHOD TO
DEEP STEADY CONE PENETRATION IN CLAY
4.2.1 General Description
Deep steady cone penetration is an axisymmetric steady
state problem i.e., for an observer moving with the cone, the
deformation pattern, the strain and stress fields in the soil
do not vary with time. Accordingly, by using a cylindrical
coordinate system, the process of cone penetration is reduced
to a flow problem where soil particles move along streamlines
around the cone (Fig. 4.2). A solution to the problem con-
sists of the strains and the stresses of soil elements along
different streamlines.
Figure 4.3 describes the steps for evaluating stresses
and pore pressures in the soil due to deep steady cone pene-
tration in clay by means of the strain path method. These
steps, to be later reviewed in details, consist of:
1) Estimate a velocity field satisfying the conser-
vation of volume (or mass) requirement and the
boundary conditions.
2) From the velocity field determine the soil defor-
mations by integration along streamlines. Compare
with experimental model or field test results
(if possible).
The velocity field describes the velocity of soil
particles as they move around the cone.
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3) Compute the strain rates, Eij' along the streamlines
by differentiating the velocities with respect to the
spacial coordinates.
4) Integrate the strain rate, eij, along streamlines
to determine the strain path ( ij) of different
soil elements.
5) Estimate the initial stresses, (a i) ' and initial
pore pressures, uO , in the soil prior to cone pene-
tration.
6) Compute the deviatoric stresses,
ij( = ij - 6 i j oct) and the shear induced
pore pressures, Aus , along streamlines by means
of:
a) a model to determine s.. for a given strain
path (Eij), and;
b) a model to determine Aus for a given strain
path (cij).
7-a) From equilibrium considerations, compute the total
stresses, aij (= s.ij + 6ij aoct)' given the devia-
toric stresses, sij. This requries the determina-
tion of the octahedral stresses, Oct"
7-b) From sij and Aus , compute the effective stresses,
aij
and, Ooct
= Kronecker delta: = 0 when i 6 j; = 1 when i = j
= 1/3 a...ll
-105-
8) From aoct and Aus determine the pore pressure u.
The important steps in the method (Fig. 4.3) are discussed
below.
4.2.2 Velocity Field
The strain path method hinges on the assumption that
soil deformations during deep cone penetration can be esti-=
mated with a reasonable degree of accuracy. Figure 4.3 re-
commends that deformations be obtained from velocities by
integration rather than the more obvious alternative of
estimating deformations (e.g., from laboratory penetration
tests) and then derive velocity and strains by differentia-
tion. This avoids the significant errors caused by the pro-
cess of numerical differentiation associated with the limited
accuracy of existing deformation measurements.
Most of the existing experimental results consist of
crude visual observations of deformations during cone penetra-
tion by means of photographs (Rourk, 1961; Randolph et al.,
1979). More precise measurements obtained by X-ray techniques
are currently conducted at Cambridge University, England
(Randolph, 1979). Arthur and Phillips (1975) evaluated the
accuracy of the X-ray technique under ideal conditions (pro-
viding maximum accuracy) by analyzing the same radiograph
twice, i.e., a case of uniform zero deformations and strains.
Using a 10 x 12 grid of lead shots spaced at 10 mm, they
obtain an average vertical strain equal to zero, thus showing
that no consistent error occured in deformation measurements.
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obwever, the standard deviation of strains was 0.3%. This
means that when the results are based on measurements of a
lead shot at a single location (as in non uniform fields),
there is a 32% chance of obtaining an error in strain in
excess of +0.3% and a 5% chance of obtaining an error in
strain in excess of +0.6% (assuming a normal distribution of
data about the mean). Such errors might be acceptable in some
soils subjected to special loading conditions but, in other
cases, such strains are sufficient to reach the peak strength
and hence cannot, in general, be tolerated. In penetration
experiments in clays, the X-ray technique is further compli-
cated by:
a) the inevitable variability of the soil in the model
test. This adds to the errors in the estimated
deformation and strain fields caused by penetration
which are highly non uniform;
b) the limited size of the clay container. The dia-
meter of the consolidometer containing the clay
must be small (= 20 cm) to require a reasonable
exposure time and yield sufficient image sharpness.
On the other hand, the radius of the consolidometer
must be large compared to that of the model pile in
order to minimize the boundary effects, and;
c) the density of the lead shorts in the clay. In
order to measure the large strain gradients accur-
ately, a large number of lead shorts is required,
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especially near the cone tip. On the other hand,
a high density of lead shots might cause excessive
changes in the mechanical properties of the clay
(because of interaction between lead shots and
clay).
Consequently, it is recommended that soil deformations
during steady cone penetration in clay obtained from experi-
mental measurements be used to evaluate velocity fields
rather than to estimate strain fields.
In this study, strains are derived from velocity fields
obtained for an inviscid incompressible (or perfect) fluid.
Chapter 5 describes the analytical methods used to derive
these velocity fields which, for clays, will be approximate.
Solutions involving materials with more complex behavior such
as viscous fluids are still under investigation at M.I.T.
4.2.3 Stress-Strain Relationships
The strain paths of soil elements during cone penetra-
tion are very complicated (see Chapter 5) and cannot be du-
plicated by existing laboratory tests. Therefore, a soil
model is used herein to determine soil stresses during pene-
tration. For reasons discussed in Chapter 6, an incremental
total stress model was considered appropriate for the undrained
penetration problem. During undrained shearing, the behavior
of clays is not affected by the octahedral normal total stress,
1
oct ( = ii ) and, hence, only the deviatoric components ofOct 3 ii
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stresses, sij, need to be considered:
sij = "ij - 7oct 6ij (4.1)
in which oij is the total stress tensor and 6ij is the kro-
necker delta (6ij = 1 for i = j, and; 6ij = 0 for i f j).
By following a soil element along its streamline, the
soil model thus provides the deviatoric stress path corres-
ponding to its strain path. This process is repeated along
a number of streamlines and the deviatoric stress field is
thus evaluated at as many discrete points as desired.
4.2.4 Pore Pressure-Strain Relationships
In order to evaluate the pore pressure distribution in
the soil during steady undrained cone penetration, the excess
pore pressure, Au, is separated into two components: the
first corresponds to changes in octahedral normal total stress,
Aaoct , and the second results from the shear deformations of
the soil, Aus (see Chapter 7):
Au = Aaoc t + Aus  (4.2)
Aaoc t is obtained from equilibrium considerations (see next
section) and the shear-induced pore pressure, Aus , is evalu-
ated by means of a new model (similar to the deviatoric stress
model) as a function of the strain path of soil elements.
4.2.5 Effective Stresses, Total Stresses and Pore Pressures
The changes in effective stresses, Aaij, are evaluated
from the changes in deviatoric stresses, Asij, and the shear
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induced pore pressure, Au s:
Aoij = Asij - AUs ) 6ij (4.3)
Evaluation of the total stresses, aij, and pore pressures,
u, requires determination of the octahedral normal total (or
isotropic) stress, aoct. This is achieved by integrating the
qquilibrium equations as described in Appendix B.
The changes in pore pressure, Au, and total stresses,
dAij, are given by:
Au = Aaoct + Aus (4.4)
and ij = Aij + Aoct ij (4.5)
4.3 DISCUSSION
The strain path method is an approximate method to sys-
tematically simplify and analyze problems where the strains
are principally governed by kinematic requirements and, thus,
are not very sensitive to material properties. The expansion
of a cylindrical cavity in an incompressible cross-anisotro-
pic infinite medium represents one problem where solutions by
the strain path method are exact because soil strains are
independent of material properties. In more complicated
problems (e.g., cone penetration in clays) where strains are
"slightly" dependent on material properties, solutions based
on simplified strain fields are approximate. Like all
Provided an appropriate soil model is available.
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approximate solutions, results of the strain path method re-
quire treatment of the following:
1) The source of approximation (i.e., why is the solu-
tion approximate?) in order to provide abetter under-
standing of the reasons behind the resulting errors
and,hence answer the following questions (2) and
(3) rationally.
2) The effects of approximation (i.e., how important
are the simplifications made). This requires cri-
teria and methods to evaluate the degree of appro-
ximation.
3) The methods to improve solutions (i.e.; how to re-
duce the effects of simplifications).
1) Source of approximation
In the strain path method, the simplification in the
strain field is the source of deviation from exactness.
Appendix B shows that the deviatoric stress field predicted
by means of the strain path method is the exact solution to
a cone penetration problem where a fictitious field of body
forces is applied.
2) Effects of approximation
The degree of approximation of predictions obtained
by the strain path method can be evaluated analytically by
Provided an appropriate soil model is available.
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comparing:
a) the octahedral total normal stresses, coct'
obtained by integration along different paths
(see Chapter 8), and;
b) the magnitude of the fictitious body forces
to the stress gradients (see Appendix B).
Small fictitious body forces indicate better
results.
Ultimately, the effects of approximations and the
practical value of the method are judged by comparing predic-
tions with laboratory and/or field measurements. For example,
application of the method to cone penetration can be evaluated
by comparing:
a) the predicted and experimental deformations
in model tests (say), and;
b) the predicted and measured point resistance and
pore pressures at different locations (on the
tip, on the shaft behind the tip and in the soil
around the cone) by means of field measure-
ments (see Chapter 8). However, these com-
parisons are complicated on one hand by ex-
perimental difficulties and on the other
hand by the selection of an adequate soil
model and the appropriate soil parameters
required to perform predictions.
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3) Methods of improving solutions
Approximate solutions obtained by the strain path
method can be improved by successive iterations on the velo-
city field until the stress field is sufficiently close to
satisfying the equilibrium requirements. A possible itera-
tive procedure consists of: a) evaluate the fictitious body
forces from the deviatoric stress field; b) estimate a new
velocity field (utilizing the same idealized material, e.g.,
an ideal fluid) after taking the fictitious body forces field
into consideration (with a negative sign), and; c) repeat the
necessary steps to evaluate a new stress field (see Fig. 4.3).
In this study, no attempt was made to establish the
validity of this iterative procedure or to prove its supe-
riority over other possible techniques. Therefore, solutions
presented subsequently correspond to an initial velocity
field without corrections (iterations).
4.4 SUMMARY AND CONCLUSIONS
Deep steady cone penetration in clay is essentially a
"strain-controlled" problem where strains and deformations are
primarily imposed by kinematic requirements. For this type
of problem, Baligh (1975) proposes an approximate method
of solution called the "Strain path method". This method is
based on concepts similar to the "stress path method" (Lambe,
1967) and consists of four basic steps: a) estimate the ini-
tial stresses; b) estimate an approximate strain field
satisfying conservation of volume, compatibility and boundary
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velocity requirements; c) evaluate the deviatoric stresses
at a selected number of elements by performing laboratory -
tests on samples subjected to the same strain paths or, al-
ternatively, by using an appropriate soil behavioral model,
and; d) estimate the octahedral (isotropic) stresses by in-
tegrating the equilibrium equations.
In this chapter, application of the strain path method
to deep steady cone penetration is discussed in details
(Fig. 4.3). It is recommended to estimate the velocity fields
from solution of cone penetration in simple materials (e.g.,
perfect fluid). Because of the complexity of the strain paths
of soils elements during cone penetration, the deviatoric
stresses and shear-induced pore pressures are evaluated by
means of behavioral soil models. The deviatoric stress field
predicted by means of the strain path method is the exact
solution to a cone penetration problem where a fictitious
field of body forces is applied. Consequently, the octahe-"
dral (isotropic) normal total stresses obtained by integra-
tion of the equilibrium equations and neglecting the fic-
titious body forces is path dependent. Evaluation of the de-
gree of approximation of the solution obtained with the
strain path method is achieved by comparing: a) the pre-
dicted soil deformations to experimental measurements;
b) the magnitude of the fictitious body forces to the stress
Provided the soil model is adequate.
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gradients; c) the isotropic stress fields obtained by inte-
gration along different paths, or; d) stress and pore pres-
sure predictions with laboratory and/or field measurements.
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Stress Path Method Strain Path Method
APPLICATIONS
Surface Problems Deep Problems
STEPS
1. Estimate initial stresses 1. Estimate initial stresses
2. Estimate incremental stresses 2. Estimate incremental strains
3. Perform stress path tests on 3. Perform strain path tests on
samples (or use adequate soil samples (or use adequate soil
model) to obtain strains at model) to obtain deviatoric
selected locations, stresses at selected
locations.
4. Estimate deformations by
integrating strains 4. Estimate octahedral (isotro-
pic) stresses by integrating
equilibrium equations.
APPROXIMATION
In step 2, stresses are approximate In step 2, strains are approxi-
thus leading to strains not satis- mate thus leading to stresses
fying compatibility requirements. not satisfying all equilibrium
i.e., deformations in step 4 de- conditions. i.e., octahedral
pend on strain integration path. stresses in step 4 depend on
equilibrium integration path.
Figure 4.1 Comparison of stress path and strain path methods.
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/ STREAMLINE
Figure 4.2 Problem geometry and coordinate system for deep steady
cone penetration.
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Figure 4.3 Application of the strain path method to deep steady
cone penetration: Flow Chart.
-118-
--
P1 ld
-- j
CHAPTER 5
STRAIN FIELD
This chapter presents numerical solutions for the irro-
tational steady flow of an incompressible inviscid fluid
around a cone penetrometer (or pile) under conditions of
axial symmetry (i.e., properties and flow characteristics are
independent of the tangential coordinate). Distortions and
strains are obtained by superimposing the effect of a suit-
able distribution of sources and sinks to a uniform flow.
This method of solution has been described by Weinstein (1948),
Rouse (1959), Shames (1962), and others and was used to
determine the flow around the so-called "Rankine-body" (ovoi-
dal body of revolution). Problem formulation is carried out
using Eulerian axes where field variables are expressed in
terms of coordinates fixed in space (with respect to the
cone).
5.1 STREAM FUNCTIONS
The method of sources and sinks uses the superposition
principle by adding the stream functions corresponding to com-
binations of sources and sinks to that of a uniform flow,
Fig. 5.1. For steady incompressible axisymmetric flow, the
stream function f(r,z) is a convenient mathematical expres-
sion describing different particle paths (streamlines)
when * = const. For the sake of simplicity, sources and
sinks will hereafter be referred to as sources with a (+ ve)
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sign to indicate a source and a (- ve) sign to indicate
a sink. Sources are located on the axis of the cone as
shown in Fig. 5.1. In cylindrical coordinates (r,z), the
stream function i o for a uniform flow of velocity Vo parallel
to the z-axis is given by:
Y (r,z) = - ½ V0 r2  (5.1)*
The stream function is corresponding to a line source
of length k, with a total strength m (uniformly distributed
over its length) and located at z = zs is given by:
B T
O(r,z) = m (1 + )P (5.2)*
in which:
p = {(z,- (z - /2))2 + r2} (5.3)
and pT = {(z - (z + Z/2)) 2 + r2)}  (5.4)
The geometry of the cone penetrometer is prescribed
by a finite number of "body points" which, for simplicity
have the same z-coordinate as the line source centers,
Fig. 5.1. The stream function at the ith body point
(ri, zi) due to the superposition of the uniform velocity Vo
(at infinity) and of the n line sources (0, zk ) distributed
.k
Stream functions are completely defined except for an
additive constant which is herein dropped to cancel the
stream function along the streamline represented by the
negative z-axis.
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along the symmetry axis is given by:
B T
n Pi- P
= -½V r+ m ( + ik ik) (5.5)1 m1 k
k
k=l
in which ek and mk are the length and strength of the kth
B Tline source, respectively, and pik and pik are the dis-
tances of the ith body point to the end points of kth line
source. The body points are located on the boundary stream-
line and thus the stream function must vanish at their loca-
tions:
n B T
Zmk( + Pik - ik = ½ V r ; 1,2,...,n (5.6)
k:1 
k 0o
Equations 5.6 represent n linear equations which can be
easily solved numerically to obtain the source strengths
m , ... , mn. The stream function V at any location (r,z)
is then given by the following equations:
n B T
)(r,z) = -½ Vo r2 + mk ( + k (5.7)
k=l k
PkB = [(z - (zk - k/2)) 2 + r 2 ½ (5.8)
T = t(z - (zk + Zk/ 2))' + r2 (5.9)
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5.2 VELOCITY FIELD AND DEFORMED GEOMETRY
The velocity components Vr and Vz in the meridian plane
(the third velocity component, Ve, vanishes because of axial
symmetry) are determined from the stream function i by the
expressions:
1 3ý 1 3ý
V = ; V = (5.10)
r az r 3r
Substituting (5.7) into (5.10), we get:
1 mk  z - (z k  k/2) z- (z k + k/ 2 )
V -- B T ] (5.11)
r k pk  Pkk=l
n
V V -, k (P) - T (5.12)z 0 -k kk
k=1
Deformations are obtained from velocities by numerical
integration. A material point M. with initial coordinates
r? and z? (far enough in front of the tip) has, at any time
I 1
t, the coordinates:
rt = r +  V (r i zT) dr (5.13)
= r + z df r
zi i f (ri ) d-r (5.14)
Another method could have been used to determine stream-
lines by solving the implicit equation:
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t(r,z) = - V0 r 2  (5.15)
where *(r,z) is given by Eq. 5.7, and r0 is the radial coor-
dinate of the given streamline far ahead of the cone. By
varying z, and solving Eq. 5.15 for r, different streamlines
are determined for various ro. However, in order to deter-
mine strain fields, the numerical integration procedure
(Eqs. 5.13 and 5.14) proved more convenient.
5.3 STRAIN FIELD
In an orthogonal cartesian frame of reference, the
components of the rate of deformation tensor, D.. (also
called stretching tensor), are defined in terms of the gra-
dients of the velocity components, Vi , by the expression
(see Malvern, 1969):
av. aV.
D.i = ½(,- + 3) (5.16)*13 ax ax
In penetration problems considered herein, this tensor can
be directly obtained by differentiating Eqs. 5.11 and 5.12.
In order to determine the large strains associated with pene-
tration problems, we introduce the natural strain increment
tensor:**
Cylindrical coordinates will later be introduced for ap-
plications to penetration problems.
**
The physical interpretation of the natural strain in-
crement tensor is similar to that of the natural strain in-
crement introduced in Chapter 3.
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d .. = D.. dt (5.17)
and, for convenience, define the natural strain components
.ij, at any time t by the expression:
C.. = de . = D..ij dt (5.18),
where the integration is conducted by following the material
point through its path along a streamline. Estimates of
the natural strains will prove very useful in visualizing the
degree of straining in the soil due to penetration, and in
portraying the strain history of different soil elements.
5.3.1 Rate of Deformation
Using cylindrical coordinates, the non-vanishing com-
ponents of the rate of deformation tensor, Dij, in axisymme-
tric problems are given by (Malvern, 1969):
av av v
r z rD r ;D ; D - and;
rr 3r zz -z ee
r
D = ( r z) (5.19)
Substituting Eqs. 5.11 and 5.12 into Eq. 5.19, the components
of the rate of deformation tensor are obtained, Table 5.1.
5.3.2 Strain Field
Integration of Eq. 5.18 is analytically intractable and
was, therefore, performed numerically by following a stream-
line (from a starting point far ahead of the cone) and
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computing natural strain increments corresponding to small
time intervals dt. The natural strains in a soil element, at
a given time t, are then simply obtained by adding the com-
ponents of natural strain increments.
5.3.3 Computer Program
In order to compute deformations, strain-increments and
strains, a computer program was developed. A listing of this
program (written in Fortran IV) together with a description
of its use are given in Appendix C. Input data consist of
the cone geometry (half angle and radius), the cylinder length
and the number of sources over the cone and cylinder lengths
(sources are equally spaced along the cone and cylinder axes),
respectively. A radius of curvature can also be assigned
to smooth the cone-cylinder transition. The program first
solves the linear equations 5.6, using the elimination method,
to determine the sources strength. For different streamlines,
deformations, strain increments and strains are then com-
puted using Eqs. 5.13, 5.14, 5.17 and 5.19, respectively,
with the forward integration method. Special program modes
are available to check stability and accuracy of solutions.
5.3.4 Graphical Representation of Strain Paths
In axially symmetric problems, the (natural) strains
are described by four non-vanishing components: Err Z ,
Cee and erz* Bearing in mind that the soil treated herein is
incompressible, the three normal strains must satisfy the
condition of no volume change:
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+ E + = 0
rr zz e8 (5.20) *
Therefore, the strain tensor can be uniquely defined
by three components (or three linearly independent combina-
tions of the components) only. In order to develop a graphi-
cal representation of different states of strain and follow
the strain path of various soil elements, we utilize the
Ei - space, {E , E2 , E3} (Prevost, 1978) defined as:
1 2
E = E ; E2 =-- (8 - e ) and, E =- e (5.21)1 2 8 rr 3 3 rz
Figure 5.2 shows a strain point in the three-dimensional
Ei - space where its distance from the origin is proportional
to the octahedral shear strain Yoct:
[E2 + E2 + E2] 2 Oc= (5.22)1 2 3 oct
Yoct = 1/3 Err - zz ) + ( zz 2 + (ee - rr)2
+ 6 ;2 3 (5.23)
rz
The value of y oct is a good measure of the level of
straining to which a soil element is subjected. Furthermore,
the strain paths of conventional strain controlled tests move
along the three axes (triaxial test along El, pressuremeter test
Eq. 5.20 is applicable to infinitesimal strain. How-
ever, in view of the definition of the natural strains
C as expressed by Eq. 5.18 and, since D + D + D =(Wr imcompressible material, Table 5.1) q. 5.zZ is a s-o valid
for large values of e...13
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along E2 , and Direct Simple Shear test along E3, Fig. 5.2).
5.4 RESULTS
This section presents results of analyses conducted to
estimate deformations and strains in the soil caused by pene-
trometers (or piles) with cylindrical shafts having the
same diameter as the conical tip. Penetrometers with 180
tips were analyzed using 20 sources along the cone axis and
80 sources along the cylinder axis (the cylinder length is
4 times the cone length). Penetrometers with 60* tips were
analyzed using 10 and 120 sources, respectively, and a cylin-
der length 12 times that of the cone. In order to achieve
numerically stable solutions, the geometry of existing Dutch
cone penetrometer with 600 tips was slightly altered by
introducing a circular arc with a radius of curvature equal
to 3 times the cylinder radius at the cone-cylinder transi-
tion. The effect of the smooth transition between cone and
cylinder is believed to alter the deformations and strains
of the soil in its vicinity but not at some distance away.
The integration of rates of deformation was started at a
distance of 200 radii in front of the cone apex with an inte-
gration inteval initially equal to 10 radii and decreasing
to 2% of the cylinder radius ahead of the pile. From thereon,
the integration ihterval was kept constant at 2%. Further
reduction of the above integration interval showed no
noticeable change in the results.
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5.4.1 Predicted Deformations
The predicted deformation patterns around cones with
180 and 600 tip angles are shown in Figs. 5.3 and 5.4, res-
pectively. The deformed grids illustrate the magnitude and
distribution of the shear strains rz (which are the easiest
shear strains to visualize). The sharp (180) cone cuts its
way through the soil and causes smaller strains than the
blunt (600) cone which causes severe straining in its
vicinity. The present analysis assumes a frictionless
soil-probe interface and, hence, is believed to under-
estimate actual soil distortions.
Figures 5.5 and 5.6 illustrate soil displacement paths,
atselected initial locations, due to cone penetration for
180 and 600 tip angles, respectively. Clearly, the soil is
monotonically deformed radially away from the cone. On
the other hand, the soil is initially pushed down in the
direction of penetration and is then pushed up after passage
of the cone base.
5.4.2 Experimental Deformation and Comparison with
Predictions
A thorough check on the accuracy of the predicted
deformations is prevented by the lack of well controlled
experimental data. Figure 5.7 shows the deformation pattern
obtained by Rourk (1961) due to penetration of a flat ended
model pile into bentonite (with a water content of 300%).
A rigid conical wedge of soil located ahead of the pile can
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be easily detected. The wedge moves with the pile and has
an apex angle of approximately 900. Soil distortions near
the pile are more pronounced than the predicted deforma-
tions for a 60* tip, Fig. 5.4.
In comparing theoretical predictions and experimental
deformations, in Fig. 5.7 we note that:
(a) The rigid soil wedge moving with the model pile
is much blunter (= 900) than the maximum tip angle (= 600)
analyzed herein. The analyses have shown that soil
straining increases with the cone angle; and, (b) the ex-
periments reported by Rourk were conducted in a container
made of stiff cardboard jackets with a diameter equal to six
times that of the model pile. Such close boundaries reduce
soil movements in the downward and radial directions
but have a more important effect on the stresses and penetra-
tion resistance, especially for undrained conditions.
More recently, better experimental results were re-
ported by Randolph et al. (1979). The deformed grid repro-
duced in Fig. 5.8a is obtained by jacking a "C" shaped half
closed-ended pile into one-dimensionally consolidated kaolin
against a transparent perspex wall which allows photographs
to be taken. The displacement field, displacement path, and
radial displacements in Figs. 5.8b, 5.8c and 5.8d, respec-
tively, are obtained by comparing the deformed grid
(Fig. 5.8a) with the intial grid before penetration. The
accuracy of the measurements can be assessed in Fig. 5.8d
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where a scatter of +10% is observed for the radial dis-
placements. The experimental results indicate that:
(1) the general deformation trends are as predicted.
In particular, the conservation of volume requirement governs
the radial displacements behind the tip. Furthermore, the pre-
dicted tendency for the particles to return to their initial
elevation after passage of the tip (Figs. 5.5 and 5.6) is
also confirmed by the experimental results shown in Fig.
5.8.c, especially for soil particles with an initial radius
r > 1.25 R (R = pile radius), and;
(2) the measurements are not sufficiently accurate to
provide neither the displacements close to the pile axis nor
the strains at any location in the field.
A new generation of experiments is currently underway
at Cambridge University where the pile is modelled by a cylin-
der ended with a conical tip and pushed along the axis of
a large diameter cylinder of clay. These experiments
which include deformation measurement by the X-Ray tech-
nique and pore pressure monitoring should provide a better
experimental insight into the cone penetration problem.
5.4.3 Strain Paths
Section 5.3.3 indicates that the strain paths of soil
elements due to cone penetration can be conveniently des-
cribed in the E. strain space (Eqs. 5.21). Figures 5.9 and
5.10 show the strain path projections (in the Ei-space) of
three soil elements (located at r /R = 0.2, 0.5 and 1.0;
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where ro is the initial radial coordinate of the element and
R is the cylinder radius) for 180 and 600 tip angles, res-
pectively. These figures illustrate the complexity of the
strain path caused by cone penetration. Of particular in-
terest is the strain path projection on the {E,, E3} plane
which illustrate strains totally neglected by the cavity
expansion technique often used to analyse deep penetration
problems. For the sake of comparison and illustration,
Figs. 5.9 and 5.10 also show the directions and typical
magnitudes (at the end of the test) of strain paths en-
countered in common laboratory and field tests.*
Comparison of Figs. 5.9 and 5.10 reveals that the 180
and 600 cone tips produce the same type of strains in the
soil with the latter causing much higher levels of E, and
E3-strains. The El- strain (= )zz is produced by triaxial
* 2tests (TC or TE) and the E3 - strain (=- ) is produced
by the direct simple shear (DSS) test. However, the pre-
1
dominant strain is the E2- strain [= 3 (E8 - rr ) ] pro-
duced by the pressuremeter test and hence provides some
justification for current approaches of modelling cone (and
pile) penetration by means of the expansion of a cylindrical
cavity (Esrig et al., 1977, Carter et al., 1978, etc...).
Further examination of Figs. 5.9 and 5.10 indicate that:
*
Under ideal testing conditions.
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1. Strain levels: The strains caused by cone penetra-
tion are much higher than normally encountered in laboratory
tests (= 20% in TC, TE and DSS) and in the pressuremeter test
(= 10%). Since the peak strength is reached at relatively
low strains (= 0.35% in TC,= 10% in TE for Boston Blue Clay;
see Chapter 6) the post-peak behavior of the clay appears to
be of importance in determining cone penetration resistance;
2. Straining reversals: The permanent (residual)
strains caused by cone penetration are not monotonically
reached but all three strains (EI, E2 and E 3) reverse direction
after soil elements pass the base of the cone. The magnitude
of the strain reversal is significant (5 to 20% next to the
cone and can, therefore, have an important effect on both
the cone resistance and the residual stresses left in the
soil after penetration.
5.4.4 Strain Contours
Contours of the radial normal strain , Err vertical
(longitudinal) normal strain, ezz, meridional shear strain,
Srz, maximum shear strain Ymax = ½ (E' - E3) and octahedral
shear strain, yoct (Eq. 5.23) are given in Figs. 5.11 through
5.15, for cones with 180 and 600 tip angles. These contours
These strains are the natural strains obtained by inte-
gration of the natural strain increments; Eq. 5.18.
**
6E and F3 are the major and minor principal strains,
respectively.
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show the magnitude and the extent of straining due to steady
cone penetration and further indicate the complexity of the
strain field around the tip. The blunt cone (600) causes
higher level of strains than the sharp cone (180), especially
in the soil ahead of the tip. On the other hand, behind the
tip, the strain contours become parallel to the shaft axis,
thus indicating that a uniform condition has been reached.
These residual strain contours which are very similar for
blunt (600) and sharp (18*) cones are compared to strains
A*
predicted by the expansion of a cylindrical cavity in the
upper part of Figs. 5.11, 5.14 and 5.15. Further examination
of the strain contours shows that:
(1) The radial normal strains, E (Fig. 5.11) are
rr
moderately tensile ahead of the cone and then become compres-
sive behind the vicinity of the cone apex. The residual
strains Err in soil elements close to the shaft (up to a
distance of one half the shaft radius) are slightly underpre-
dicted by the cylindrical cavity expansion whereas the in-
verse occurs in soil elements further away from the axis;
(2) The vertical (longitudinal) normal strains Ezz'
shown in Fig. 5.12 are nonexistent during cavity expansion.
These strains are generally small (as compared to the radial
The strain field for which contours are drawn in Figs.
5.11 through 5.15 is limited to 5 R in the radial direction,
4 R ahead and 10 R behind the cone apex where most of the
significant straining occurs (R = shaft radius).
**
The cylindrical cavity is expanded from a zero radius
to a final radius equal to that of the cone penetrometer shaft.
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strain magnitudes in Fig. 5.11), and compressive ahead of the
cone base. A concentration of tensile ezz occurs in the
vicinity of the cone base where a sharp change in velocity
directions takes place. The vertical normal strains, z re-
quire large distances behind the cone to attain residual
values (especially at some distance from the shaft). These
residual strains are positive (compressive) near the shaft,
decrease with radius, reach a minimum negative (tensile)
value and then increase again to vanish at large distances
from the shaft.
(3) The meridional shear strains, crz' shown in Fig.
5.13 are nonexistent during cavity expansion. In spite of a
frictionless soil-probe interface Erz strains are large in
the vicinity of the cone (where the soil particles experience
a change in direction of motion), are sharply reduced
after passing the cone base and, the residual values are
quite significant along the shaft, especially for the 600
cone.
(4) Contours of maximum shear strain, ymax (Fig. 5.14)
and octahedral shear strain, y oct (Fig. 5.15) are very simi-
lar and provide a good indication of the average shear strain
experienced by soil elements during cone penetration. The
residual values are virtually identical when predicted by
simple cavity expansion, except in the immediate vicinity of
the shaft where the amount of shearing is slightly larger
during cone penetration (especially for the 600 cone).
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5.4.5 Strain Rate Contours
The strength and stiffness of clays depend on the rate
of undrained shearing. Ladd et al. (1977) estimate that
the undrained shear strength measured in triaxial compression
tests on sensitive and plastic clays increases 10 ± 5% per
log cycle of strain rate for typical strain rates employed in
the laboratory. Since cone penetration causes large strains
concentrated in narrow zones, an adequate estimate of the
strain rates during cone penetration is important when re-
sults are compared with laboratory tests typically sheared at
a rate of axial strain ýe = 0.5%/hr (which corresponds to
an octahedral shear strain rate yoct = 0.35%/hr) . Using a
cone radius R = 1.78 cm (i.e.,a projected area of 10 cm2),
and a penetration velocity of 2 cm/sec corresponding to the
present standard adopted for cone penetration tests (Report
of the Subcommittee on Standardization of Penetration Testing
in Europe, 1977), contours of the octahedral shear strain
rate, Yoct , are given in Fig. 5.16. The dotted areas in
Fig. 5.16 represent locations where Yoct is larger than
5000%/hr. Clearly, cone penetration shears very large
volumes of soil at much higher rates than normally encountered
in laboratory strength tests.
5.5 DISCUSSION AND CONCLUSIONS
The method of "sources and sinks" of the potential theory
is utilized to predict the velocity, strain and deformation
Y oct - in triaxial tests.Oct /2v
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fields caused by the deep steady penetration of cones (or
piles) with 180 and 600 tips. The principal advantage of
this prediction method is to provide analytic expressions
for the strain rates, everywhere in the soil, which can
be accurately integrated to obtain strains and deformations.
This avoids the important errors associated with differen-
tiating displacement fields to obtain the strains. However,
the proposed method presents the following difficulties:
a) The number of possible source configurations (i.e.,
the number and the locations of sources along the cone and
cylinder axes) is infinite and, therefore, numerous trials
are required to obtain an acceptable solution. Numerical
instability occurs when the sources are too closely spaced.
b) The method is best suited for slender bodies (i.e.,
sharp cones) and cannot very well handle discontinuties
in slope away from the symmetry axis (i.e., at the base of the
**
cone). The 600 conical tip is probably the maximum cone
angle that can be treated by this method without the need
for a ring source located at the slope discontinuity (i.e.,
at the cone-cylinder transition). However, in the present
study, the considerable additional computational effort did
not seem justified, in view of the small expected improve-
ment in the solution.
As in the case of experiments where deformations are
measured and the strains are then computed.
**
To obtain an acceptable solution, the 600 cone was
slightly modified by fitting a circular arc (with a radius
equal to 3 times that of the cylinder) at the cone-cylinder
transition.
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Dueto the lack of reliable experimental results, pre-
dictions cannot be evaluated accurately. However, qualita-
tive comparisons with experimental results obtained by Rourk
(1961) and Randolph et al., (1979) indicate that the pre-
dicted deformations are reasonable.
The predicted strain paths and the strain contours re-
flect the complexity of the cone penetration process and
emphasize that: (1) no single laboratory test can adequately
impose the strain paths encountered during cone penetration;
(2) strains, stresses and pore pressures predicted by the
cylindrical cavity expansion theory can lead to important
errors because of: (a) strain reversals that take place
behind the tip and; (b) the shear strain erz and the verti-
cal (longitudinal) normal strain Ezz which are neglected
by cavity expansion. Therefore, in order to predict the
point resistance and the stress field in the soil caused by
steady cone penetration, a comprehensive soil model such as
discussed in Chapter 6 is needed.
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Figure 5.3 Predicted deformation pattern around an 180cone
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Figure 5.9 Strain paths of selected elements during penetration of an
18* cone
-148-
-E 1.0 0.5
-E2 A (rr Eoe)
EElk rZZ
E 2
-E =-2 :rz
)j vaue or r ,/
TC = Triaxial Compression (Final Vertical Strain= 0.20)
TE = Triaxial Extension (Final Vertical Strain=-0.20)
PSC = Plane Strain Compression (Final Vertical Strain= 0.10)
PSE= Plane Strain Extension (Final Vertical Strain:=-0.O)
OSS = Direct Simple Shear (Final Engineering Shear
Strain = 0.30)
PR = Pressuremeter (Final Radial Strain= 0.10)
Notes: Strains are not in %
Tests under idealized conditions
I II
I
Figure 5.10 Strain paths of selected elements during penetration of a
600 cone
-149-
1!_I
PSC
liii
A
rl,
rJ
;i\
Ir t
2 5 10SJ- 1I
-F - -- T
20 10 5 2
-I LL - -Li
Figure 5.11 Contours of radial normal strain, E
rr
-150-
Figure 5.12 Contours of vertical (longitudinal) normal strain,
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CHAPTER 6
DEVIATORIC STRESS MODEL
6.1 INTRODUCTION
Chapter 5 provides estimates of the complicated patterns
of displacements and strains due to deep steady cone penetra-
tion in an incompressible infinite medium. In order to deter-
mine the soil stresses caused by these strains and compute the
cone penetration resistance in clays, a comprehensive soil
model is required to account for the important aspects of soil
behavior as related to cone penetration : a) complicated
strain paths including strain reversals (i.e., "loading"
and "unloading"), and large non-recoverable strains; b) ini-
tial and stress-induced anisotropy; c) post-peak behavior,
and; d) time dependent deformations (e.g., undrained creep
and relaxation). Such a comprehensive model is not avail-
able at the present time.
It is widely accepted that effective stresses control
soil behavior. Many researchers advocate the use of effec-
tive stresses rather than total stresses in predicting stress-
strain-strength behavior even in undrained problems (e.g.,
Schmertmann, 1975, Janbu, 1975). However, a careful examina-
tion of the undrained behavior of clays reveals that the only
parameter which is clearly governed by effective stresses is
the peak undrained shear strength. On the other hand, the
effective cohesion intersect, c, and/or the friction
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angle " appear to depend on the level of straining beyond
peak strength. More importantly, the undrained modulus of
clays is much more dependent on strain (or stress) history
than the current effective stress level. In order to illus-
trate the latter statement, results of CKoU cyclic triaxial
test on Boston Blue Clay (Braathen, 1966) are given in Fig.
6.1 where both the stress difference (av - ah) and the mean
effective stress roct are plotted vs the cumulative vertical
strain. Results in Fig. 6.1 show that: (a) when the loading
direction is reversed (points a, b, c and d in Fig. 6.1) the
undrained modulus increases dractically although the mean
effective stress has not changed significantly and; (b) the
points with equal incremental (or tangential) undrained modu-
lus on the stress-strain curves in compression loading and de-
noted by 1, 2 and 3 in Fig. 6.1 are associated with very dif-
ferenct effective confinement levels ( oct/Wvc = 0.64,
0.43, and 0.22 at points 1, 2 and 3, respectively).
Therefore, in the undrained problems considered herein
where the stress-strain behavior of clays under complicated
strain histories must be predicted on the basis of limited
experimental capabilities, the use of a total stress model
appears reasonable at present. Better correlations between
stress-strain behavior and effective stresses (if indeed
CX U = Anisotropically consolidated (under K condi-
tions) test sheared under undrained conditions
with pore pressure measurements.
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possible to establish) are needed before the additional
effort required to use effective stresses is justified.
Iwan (1967) proposes a model for the yielding behavior
of materials and structures based on the incremental theory
of plasticity (Drucker, 1960; Naghdi, 1960). Given the stress- ,
strain behavior of the material due to monotonic (increasing)
loading under simple stress systems as imposed in existing
laboratory tests (e.g., triaxial tests) the model can predict:
a) the behavior due to complicated (general) stress (or
strain) paths (e.g., plane strain tests); and b) the behavior
under repeated loading and unloading (e.g., cyclic loading).
The attractive aspects of the Iwan model over previous incre-
mental plasticity models are:
1) the complicated material behavior can be inter-
preted by means of a collection of mechanical elements
(spring and slip elements) in parallel and/or series.
This provides valuable insight for understanding and
using the model appropriately;
2) the ability to introduce stress-induced anisotropy
(Bauschinger effects) by means of the simple kinematic
hardening proposed by Prager (1955);
3) non-elastic behavior during unloading. This
is achieved by using a collection of yield surfaces
instead of the usual single surface;
4) flexibility in adapting to more complicated material
behavior as encountered in soils, and;
5) easy adaptability to existing numerical computational
-158-
methods (e.g., finite element methods).
Independently, Mroz (1967) describes a model which is
essentially identical to Iwan's with more emphasis on three-
dimensional behavior of materials rather than the one-dimen-
sional cyclic behavior. The valuable additional contributions
of Mroz are:
1) more detailed mathematical expressions and
introduction of isotropic hardening to improve the per-
formances of the model when applied to complex loading
conditions, and;
2) introduction of convenient three-dimensional strain
and stress spaces where the loading history can be more
easily visualized for plane stress problems.
In order to apply the model for predicting the undrained
behavior of clays, Prevost (1977, 1978 and 1979):
1) describes the model in the deviatoric stress space;
2) introduces initial anisotropy by considering yield
surfaces initially centered off the origin in the stress
space;
3) subdivides the strain increment into elastic and
plastic increments so that the flow rule can be inverted;
4) provides three-dimensional strain and stress sub-
spaces that are more convenient for following the loading
history in many soil mechanics problems (e.g., plane
strain and axisymmetry);
5) presents simple rules to determine the initial
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location, size and associated work-hardening moduli of the
yield surfaces from laboratory test;
6) proposes simple isotropic hardening rules to model
cyclic loading, and;
7) provides all mathematical equations necessary to im-
plement the model into numerical computational methods.
This chapter describes the above soil model and
generalizes it to include most of the important factors in-
fluencing cone penetration in clays. Predictions of the model
are evaluated by means of laboratory test results on a normally
consolidated clay of medium sensitivity known as Boston Blue
Clay (BBC). Subsequently, the model is used in Chapter 8 to
predict stress and pore pressure fields in clays due to steady
cone penetration.
6.2 MODEL DESCRIPTION
The proposed analytical model describes the anisotro-
pic, elastoplastic, path-dependent stress-strain-strength pro-
perties of inviscid saturated clays under undrained loading con-
ditions.
Strains are divided into elastic and plastic components.
Elastic strains are related to stresses assuming linear iso-
tropic elasticity and plastic strains incorporate the non-
linearity and anisotropy of the soil. Soil plasticity is
described by means of: (a) a yield condition describing the
stress states causing plastic flow; (b) a flow rule relating
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the plastic strains to the stresses, and; (c) hardening (or
softening) rules controlling the changes in the yield condi-
tion due to plastic flow.
6.2.1 Yield Condition
The undrained shearing behavior of saturated clays is not
affected by the octahedral normal total stress, aoct(- ).Oct 3
Hence, only the deviatoric components of stresses, sij.
affect the yield condition at any level of shearing.
sij = ij - ij aoct (6.1)
in which a.. is the total stress tensor and 6.. is the Kro-
necker delta (6ij = 1 for i = j and 6ij = 0 for i f j).
For convenience, yield conditions are depicted by sur-
faces in the six-dimensional deviatoric stress space. The
model considers an arrangement of nested yield surfaces,
f1, f2' "..fp-1, externally bound by a failure surface, fp,
which encloses all acceptable stress states. Different shapes
of the yield surfaces may be utilized. However, for the sake
of simplicity, and in order to reduce the necessary soil para-
meters to manageable levels, yield surfaces of the Von Mises
type are proposed:
fm(Sij) = {[s - a ] [s - a ] } -k(m) = 0m ij 2 ij ij ij ij
..... (6.2)
More precisely, the plastic strain increments.
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where a(m) and k(m) represent the coordinates of the centerij
and the size of the yield surface fm' in the stress space,
respectively. Each yield surface, fm' is therefore described
(m)by seven parameters: six for its center location ai and one
for its size k(m)
6.2.2 Flow Rule
The flow rule adoped by the model is the associated
normality rule of plasticity which states that: for any stress
state located on the yield surface (in the stress space), the
plastic strain-increment vector lies along the exterior normal
to the yield surface. Applying the flow rule to the yield
surfaces described by Eq. 6.2, using linearity and isotropy for
the elastic response of the soil, and after inversion, the
deviatoric stress increments, dsij can be obtained in terms
of the deviatoric stresses, sij, and the strain increments,
deij:
(m)3 s..- a )
dsij = 2Gdeij - (2G - H ) ( ) [s ka(m)] dklSij m 2 [k(m)]2 k£ ki kl
.... (6.3)
in which G is the elastic shear modulus,
H = [(H') + (2G) -']- is the elasto-plastic modulus and H'm m m
is the plastic modulus of the soil.
A plastic modulus H' is associated with each yieldm
Inversion of the flow rule is made possible by the pre-
sence of the elastic part of the strain increment (Prevost,
1974).
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surface. Therefore, by followingan incremental procedure one
can visualize the regions enclosed by the failure surface,
fp, in stress space as divided into a finite number of sub-
regions where the elasto-plastic modulus, Hm , is constant
(e.g., the stress-strain curve of a triaxial test is sub-
divided into linear segments where the changes in slope occur
when the stress point reaches a new yield surface).
6.2.3 Hardening Rule
Soils harden or soften with shearing. In order to ac-
count for strain hardening (or softening) and to incorporate
the effects of loading-unloading-reloading, the model uses
a combination of isotropic and kinematic hardening (or
softening) rules which depend on the plastic flow undergone by
the soil. During the course of plastic flow, the yield sur-
faces are translated, i.e., ai) changes in the stress space
by the stress point without changing in form and they conse-
cutively touch and push each other according to hardening
rules which prevent them from intersecting.
The terms "loading" and "unloading" are generalized to
three dimensional problems by stating that the soil experiences
loading and unloading when the stress point is moving away
or toward the center of the current yield surface, respec-
tively.
**
Overlapping of the subregions defined by the yield
surfaces would create zones of multivalued plastic moduli.
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The size of the yield surface k(m), and its associated plas-
tic modulus, H' are allowed to vary according to stress (or
strain) history. The rules governing the translation of the
yield surfaces in the stress space are an integral part of
the model, whereas, the rules describing changes in k(m)
and H' have to be adapted to the soil at hand.m
6.2.4 Model Limitations
Prior to undrained shearing the initial location and
size of each yield surface, which are determined from experi-
mental test results, are only applicable to problems where the
soil has experienced the same strain (or stress) history (i.e.,
same consolidation history). This implies that: a) results of
isotropically consolidated undrained test cannot be used to
predict the undrained response of a soil element consolidated
under Ko-condition (with Ko0 1); b) soil elements with dif-
ferent stress histories (i.e., different overconsolidation
ratios) require separate tests to determine the necessary
model parameters,and; c) the behavior of soil elements where
principal stress directions vary during consolidation cannot be
treated because of the limitations of classical laboratory
tests to duplicate the loading history.
6.3 MODEL IMPLEMENTATION
6.3.1 Deviatoric Stress Subspace
In three-dimensional problems, a stress state is des-
cribed by six independent components. However, since the sum
of the deviatoric normal stresses vanishes (s = 0) it is
ij
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sufficient to use five components to identify deviatoric
stress states (i.e., use a 5-dimensional space to map devia-
toric stress states). In many laboratory and field tests,
loading conditions can be reduced to two-dimensional condi-
tions, e.g., axial symmetry or plane strain, in which
a z= ar6 = 0 or xy = ayz = 0 (see Fig. 6.2 for definitions).
In such simpler cases (including cone penetration), it is pos-
sible to map the deviatoric stresses in a 3-dimensional space
with coordinates Si defined as:
3 r3
S =-2 Sz; S2 =- (Sy - S ) ; S3 = / ' s (6.4)
3 /S
S, -s; S -(s 8  s r) ; S = /• s (6 5)S 2 z 2 2 3 rz (65)
In the Si-space, the yield surface fm becomes a sphere
with equation;
(m) (m){S- 2}- k( = 0 (6.6)
in which gam) and k(m) are the center coordinates and the
radius of the yield surfaces fm, respectively. The distance
from the origin to any point in the Si-space is proportional
to the octahedral shear stress Toct and,thus provides a good
measure of the level of shearing:
-165-
3
[S2 + S2 + S2]½ =
1 2 3 /2 Oct
1
S = -[(a - a yy)2 + (a a- ) + (o
oct 3 yy zz zz a 2 + 6 2 ] 2xx xz
..... (6.8)
The associated strains Ei(=E , E and E ) are
1 1 2 3 defined
such that the rate of work per unit volume of soil is ex-
pressed as:
dw = sij dEij = ESi dEi  (6.9)
From Eqs. 6.4, 6.5 and 6.9, the associated strains are res-
pectively given in cartesian and cylindrical coordinates by:
1 zz
E - (E
2 /3 YY
- ); E = -
3 /P XZ
and
1
E = ; E -(s
1 zz 2 /J3 60
2
- s ); E =- s
rr 3 /3 rz
The flow rule in Eq. 6.3 becomes:
(m)3H S. - a
dS. = 3GdE. - (3G - i) 11 1 2 [k(m) ]2
(6.11)
3
E [S. - (m )  dE. (6.12)
j=1 3 J J
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(6.7)
(6.10)
6.3.2 Parameters Describing the Initial Yield Surfaces
Prior to undrained shearing, the sizes and locations
of the spherical yield surfaces reflect the initial aniso-
tropy of the clay. In most cases of interest, initial ani-
sotropy develops during deposition and subsequent consolida-
tion under one-dimensional straining condition thus leading
to symmetry about the vertical z-axis (i.e., cross-aniso-
tropy). The yield surfaces are, therefore, initially cen-
tered along the S-axis (a(m) = (m) = 0, for any m, Fig.2 3
6.2.b). In order to determine the model parameters des-
cribing the initial yield surfaces, stress-strain curves of
K -consolidated undrained triaxial compression and extension
tests are utilized as illustrated in Fig. 6.3. During tri-
axial testing, the stress point travels along the S,-axis
and, therefore, the yield surfaces remain centered on the
S -axis. The elastic shear modulus is obtained from the
initial slope of the steeper stress-strain curve (in general
that of the compression test) which is equal to 3 G. The
stress-strain curves for compression and extension are then
subdivided into a finite number of pairs of linear segments
with equal slopes (see Fig. 6.3). The starting points of the
th
m segments along the compression and extension sides pro-
vide the upper and lower intersections of the spherical yield
surface fm with the Si-axis, respectively. These two points
Assuming that Poisson's ratio v = 0.5 for undrained
loading.
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of intersection completely define the initial location and
size of the yield surface fm (i.e., a (m ) is equal to the
1
average ordinate and, k(m) is equal to half the distance be-
tween the two points). The common slope of the two corres-
ponding segments equals 3/2 Hm and hence determines the
elasto-plastic modulus Hm associated with f .m m
6.3.3 Pre-Peak Behavior
During undrained shearing, soils develop a "stress-
induced" anisotropy which depends on the stress system im-
posed. In the model, this behavior is accounted for by the
translation (a(m)change) and the decrease in size (k(m)) of
the yield surfaces during the process of plastic flow. The
rules governing changes in the yield surfaces affect the pre-
dicted behavior significantly and, represent a cornerstone
of any model.
Figure 6.4 illustrates the translation of yield surfaces
during the process of plastic flow as outlined in Section
6.2.3, and provides the equations needed to compute the
center displacement vector da (m ) as a function of the stress
point displacement vector ds. These equations are similar
to those given by Prevost (1978) after assuming that the
size of the current yield surface fm does not change during
translation. The simplified equations obtained by neglecting
For triaxial loading, Eq. 6.3 reduces to:
d(a - ax) = (3/2) - H *• d ezz x mz
-168-
second order terms and given in the above article are not
recommended, for they may lead to overlapping of the yield
surfaces.
In order to account for the reduction in plastic modu-
lus, H', during the process of plastic flow, the following
rule is adopted herein. The plastic modulus H' associatedm
with the yield surface fm is reduced from its initial value
H'O to a limiting value H' when and only when the current
m m
yield surface is outside f . Variation of H' between its
initial and limiting values is arbitrarily approximated by:
H' = H' * exp(-A X* ); H' < H' < H 'O  (6.13)m m m m m m m
in which Am is an experimental constant and Xm is the
generalized (or equivalent) plastic strain given by:
S= ( dE. dEP.)2 (6.14)m 3 1J ij
in which d ep is the plastic strain-increment tensor. In-
tegration in Eq. 6.14 is carried out along the strain path
after the stress point has passed the yield surface fm. The
experimental constants H'k and A in Eq. 6.13 are determined
from cyclic laboratory tests in which the plastic modulus
H' associated with the yield surface fm is utilized several
This implies that the plastic modulus H' associated with
the yield surface fm remains unchanged until The stress point
reaches fm+l
m+1i
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times and where, therefore, its variation can be observed.
6.3.4 A New Model for Post-Peak Behavior
Normally consolidated Boston Blue Clay (BBC), that will
be subsequently modelled, exhibits a very pronounced strain-
softening behavior when sheared in triaxial (or plane strain)
compression under undrained loading, following (one dimen-
sional) K -consolidation. To describe this behavior, Pre-
vost (1978) proposes to use an isotropic softening rule where
the yield surfaces do not change their position in stress
space but all decrease in size simultaneously and by the
same amount. However, upon reaching large strains, the
strength reduction in the triaxial extension (TE) mode of
failure becomes unrealistic (negative strengh!). Therefore,
a more realistic softening rule is introduced herein:
a) the failure surface fp remains at all times cen-
tered on the S1 -axis and, thus, is completely defined by its
two intersections with the S1-axis which are the end points
of a diameter of the sphere fp;
b) the intersection of fp with the negative S1 -axis
remains fixed. This implies that after the peak strength
has been reached in a triaxial extension test, plastic flow
proceeds at a constant deviatoric stress;
c) the reduction in radius k ( p ) of the failure surface
Available triaxial extension test results on BBC sug-
gest a perfectly plastic behavior once the peak strength has
been reached.
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f from its initial value k (P) to its limiting value k (p )
p 0 2
is approximated by:
k ( ) = k( + (k( - k() * exp{-Ap * } (6.15)
in which A is an experimental constant and X is the
p p
"yielded" generalized (or equivalent) plastic strain given
by:
p = ( dei. deP (6.16)
P
in which dEij is the plastic strain-increment tensor. In-
tegration in Eq. 6.16 is carried out along the strain path
if and only if the stress point lies on f p. Thus, re-
duction in size of f takes place only when the soil has
reached the failure state. The experimental constant Ap is
determined from the post peak stress-strain curve of a mono-
tonic triaxial compression test;
d) the new location of the stress point, after appli-
cation of a strain increment deij is determined according
to the associated flow rule; i.e., the stress point moves
to the point of the sphere fp where the inside normal is
parallel to and has the same direction as the plastic strain-
increment vector deP., and;
Note that k is directly obtained from the strength
in the TE mode of failure.
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e) together with the radius reduction of the failure
surface f , all the yield surfaces remain tangent to fp
at the current stress point and decrease in size by the same
relative amount. Thus, at any time, the current radius k(m)
is given as a function of the initial radius k(m) by:0
k(m) kP)
_ ; m = 1, 2, *.., (p - 1) (6.17)
k(m) k(P)
0 0
m
and the coordinates ai (i = 1, 2, 3) of the center of f, are
given as a function of the stress point coordinates
Si (i = 1, 2, 3) by:
S - (m) S - )i i i i) ; m = 1, 2, ... , (p - 1) (6.18)
k ( m)  k(P)
6.3.5 Computer Program
The soil model described above was incorporated in a
computer program (coded in FORTRAN IV) which is listed and
explained for the user in Appendix D. Input data consist of:
the initial yield surfaces parameters (Fig. 6.3); the elas-
tic shear modulus G; the parameters describing changes in
yield and failure conditions (to be used in Eqs. 6.13 and
6.15); the initial location of the stress point (i.e., ini-
tial deviatoric stresses) and; the loading sequence in terms
of successive strain increment vectors. For each strain in-
crement vector, the program computes the corresponding
deviatoric stress increments, modifies the yield surfaces
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and prints the value of updated deviatoric stresses.
6.4 MODEL EVALUATION
This section evaluates the performance of the proposed
model by determining the required soil parameters from
CK U triaxial tests, predicting the response in CKoU Plane
Strain and Direct Simple Shear tests, and comparing the pre-
dictions with measurements obtained from laboratory tests.
Results of CK U cyclic triaxial tests are utilized to de-
termine the parameters describing the reduction in plastic
moduli of the soil upon loading reversal. A discussion of
the model capability in describing the anisotropic clay
behavior under undrained conditions is then presented.
6.4.1 Model Parameters
The soil considered in this section consists of normally
consolidated Boston Blue Clay (BBC) which is a fairly sensi-
tive marine illitic clay. Over the last decade,extensive field
and laboratory tests were conducted on this clay at MIT.
Laboratory tests reported herein were conducted from batches
of resedimented BBC which were prepared by consolidating
a clay slurry. The preparation procedure provided a fairly
uniform source of clay with strength and consolidation pro-
perties similar to those of natural Boston Blue Clay (Ladd
et al., 1971). Typical properties from numerous batches that
were used over a four year period were:
Detailed procedures of slurry preparation and consoli-
dation are given in Appendix B of Ladd et al. (1971).
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Liquid Limit = 41 + 2%
Plastic Limit = 20 ± 2%
Plasticity
Index = 21 ± 3%
a) Parameters for monotonic loading. Figure 6.5
presents the results of two CK U triaxial compression tests
and four extension tests on samples of resedimented Boston
Blue Clay normally consolidated to various levels of ver-
tical consolidation stress avc. The stress-strain curves ob-
tained for the two compression tests are virtually identical
after the deviator (shear) stresses (av - ah) are divided by
a vc. This indicates that the clay exhibits a normalized
behavior and hence enable significant generalizations to be
made. Typically, the peak strength is reached at very low
strain level (cv = 0.35%) and the clay strain-softens sig-
nificantly such that its shearing resistance at large strain
levels (above c = 10%) becomes less than under the initial
Ko-consolidation condition.
On the other hand, the results of four triaxial exten-
sion tests (Fig. 6.5) exhibit significantly higher scatter
than the compression tests. The difficulties in performing
and interpreting extension tests might represent one cause of
this scatter. Furthermore, no satisfactory explanation could
be reached by Ladd and Varallyay (1965) for the unusual ob-
served effect of rate of shearing: fast stress-controlled
tests yielded slightly lower strengths than slower strain-
controlled tests. In all extension tests, necking of the
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samples was observed at vertical strains in the range of
5 to 7%.
The two solid lines in Fig. 6.5 are the idealized stress-
strain relationships fitting the experimental data of tri-
axial compression and extension tests by means of the mathe-
matical expressions of the proposed model. In the subse-
quent derivations and applications, the normalized stress-
strain behavior (with respect to vc' the principal (vertical)
effective stress at the end of consolidation) exhibited by
normally consolidated Boston Blue Clay will be fully utilized.
Normalized properties of clays which is the basis of the
SHANSEP method are presented and discussed by Ladd and Foott
(1974) and Ladd et al. (1977).
The initial configuration and associated moduli of the
yield surfaces were determined by following the procedure
outlined in Fig. 6.3. The parameter A in Eq. 6.15, des-
cribing the strain-softening behavior was obtained by fitting
Eq. 6.15 to the experimental post-peak stress-strain curves
from CK U triaxial compression tests.
b) Parameters for repeated loading. In the
laboratory results discussed above, the soil is subjected to
monotonic loading and, therefore, the yield surfaces are
utilized before any change in their size and associated
plastic moduli occurs. Chapter 5 indicates that strain re-
versals take place during cone penetration. One important
SHANSEP is an acronym for Stress History And Normalized
Soil Engineering Properties.
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feature of the proposed model is its ability to predict soil
behavior under loading-unloading conditions.
Braathen (1966) performed a series of cyclic CK U
triaxial tests on normally consolidated Boston Blue Clay with
highly repeatable results. Figure 6.6 presents the stress-
strain curve (open circles) of one of his tests (randomly
selected). In this figure, the normalized deviatoric stress,
(av - ah)/ovc, is plotted against the generalized (or equi-
valent) plastic strain which, in the case of a triaxial test,
is the sum of the absolute value of the vertical strain in-
crements, de . The solid line in Fig. 6.6 represent the
idealized behavior obtained from the model after adjusting
by successive trials the parameters Am and Hm  in Eq. 6.13.
In order to reduce the number of parameters, the following
simplification was made: the parameter Am describing the
rate of reduction in modulus and the ratio H' /H'o which re-
m m
presents the maximum amount of softening of the plastic
modulus Hm are common to all yield surfaces (m = 1, 2, .. ,p-l).
The idealized curve in Fig. 6.6 fits very well the experi-
mental data for the first four loading stages. The agreement
is not as good for the remaining loading stages especially
during compression loading (stages 5 and 7 in Fig. 6.6).
For practical purposes, d es., the elastic part of the
total strain increment, can be neglected and, therefore
di 13
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However, the normalized deviatoric stress is very well pre-
dicted at the end of any loading stage.
Table 6.1 summarizes the necessary values of the model
parameters for predicting the behavior of normally consoli-
dated BBC subjected to various loading paths.
6.4.2 Stress-Strain-Strength Predictions
a) Plane strain tests. Figure 6.7 compares
predictions of the model (solid lines) with CK U plane strain
compression and extension test results on normally consoli-
dated resedimented BBC. The predicted strength in the com-
pression mode of failure is approximately 8% too high, but
the rate of post-peak strain-softening is very well predicted.
In the extension mode, the predicted soil response is too
"stiff" up to a vertical strain of 1% and then reaches a
lower strength than measured. However, after conducting an
extensive program of plane strain tests on resedimented BBC,
Ladd et al (1971) conclude that: (a) the plane strain
apparatus used to obtain the results in Fig. 6.7 yields reli-
able data for compression tests, and; (b) stress-strain data
in the extension mode are not reliable for vertical strains
larger than 3 + 1 percent. In view of test limitations, the
predictions of the model in Fig. 6.7 appear quite reasonable.
b) Direct Simple Shear tests. The interpretation
of Direct Simple Shear (DSS) test results is very challenging.
At larger strain, testing errors due to side fric-
tion and sample necking lead to measured strength values that
are too high.
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Ideally, the test should develop a condition of uniform pure
shear strain in the sample under conditions of no volume
change(i.e., Mohr circle of strain centered at the origin).
However, due to possible relative slippage between the clay
sample and the upper and lower caps, and the lack of comple-
mentary shear stresses on the vertical sides of the speci-
men, strains and stresses are not uniform throughout the
sample. Furthermore, for soils, the strain and deviatoric
stress increment vectors are not necessarily coaxial and,
thus, a pure shear strain increment will not, in general,
produce a pure shear stress increment. Prevost and Hoeg
(1976) have investigated stress and strain distributions for
an isotropic, elastic material tested in a direct simple
shear mode of deformation by extending the work of Roscoe
(1953) in considering boundary slippage. They found' that
relative slippage at the contact between the soil specimen
and top and bottom caps (if it occurred), together with the
lack of complementary shear stresses on the vertical sides
of the sample greatly alter the distributions of shear and
normal stresses and prevent the ideal condition of constant
volume to take place during the test. To account for the
difference between the maximum and the average horizontal
shear stresses acting on the sample, Prevost and Hoeg (1976 )
propose to increase the measured average shear stress value by
10% for estimating the maximum horizontal shear stress.
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A more rigorous interpretation of the DSS test requires a
three-dimensional drained analysis of the soil specimen to-
gether with an anisotropic soil model in terms of effec-
tive stresses with adequate modelling of the soil-cap inter-
face slippage. Such a model is not available and is ex-
pected to be much more complicated that the one evaluated
herein. Therefore, the results of DSS tests presented
hereafter must be considered in light of the many uncertain-
ties in interpreting test results.
Stress-strain curves for three CK U-DSS tests per-O
formed on normally consolidated resedimented BBC are plotted
in Fig. 6.8. In this figure the normalized apparent (or
average) horizontal shear stress, Th/ vc, is plotted against
the apparent engineering shear strain Yh. The solid line is
predicted by the model for a pure shear strain state (and no
volume change) after reducing the shear stresses by 10% as
recommended by Prevost and Hoeg (1976 )to account for stress
nonhomogeneities within the sample. Clearly, even after this
10% reduction, the predicted stress strain curve is too stiff
at low stress levels and leads to a higher strength (by
20 ± 5%) as compared to the test results.
Note that yh = 2 xz ; where E is the tensorial
shear strain which is utilized in the theoretical derivations
of this chapter.
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6.4.3 Strength Anisotropy
This section evaluates the capabilities of the proposed
model in predicting undrained strength anisotropy. Figure
6.9 shows the normalized deviatoric stress path of CK U
triaxial, plane strain and pressuremeter tests located
in the {S ,1 S2 } plane (S3 = 0). Figure 6.10 offers similar
plots for the direct simple shear test with a stress path
located in the {S , S3} plane (S2 = 0). It is worth noting
that the model predicts that the deviatoric stress path for
the ideal pressuremeter test (expansion of a cylindrical
cavity) can be deduced directly from that of the ideal
direct simple shear by a 90* rotation about the S - axis.1
Also shown in Figs. 6.9 and 6.10 are f0 and fr , the peak
p p
and residual spherical failure surfaces, repectively, whose
sizes are determined from the TC and TE tests.
a) Peak strength. At large straining levels the
contribution of elastic strains is small and the plastic
strain increments dSij are nearly equal to the total strain
increments de.. . Consequently, the associated flow rule
utilized by the proposed model implies that at failure
(peak strength), the total strain increment vector is normal
to the failure surface f . Therefore, the location of the
P
stress point on the failure surface f0 can be directly
Under idealized conditions.
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determined when the direction of the line tangent to the
strain path at failure is known. Table 6.2 gives the pre-
dicted peak strengths of classical tests (for which the
idealized strain paths are linear) as a function of the peak
strengths in triaxial compression and extension failure modes.
Predicted vs. measured peak undrained shear strengths of
available laboratory tests on normally consolidated rese-
dimented BBC are summarized in Table 6.3.
In order to further evaluate the capabilities of the pro-
posed model in describing undrained peak strength anisotropy,
we consider the class of failure modes under plane strain con-
dition(i.e., de = 0) with linear strain paths. These
YY
failure modes can only be partially investigated in the
laboratory with plane strain compression, plane strain exten-
sion and direct simple shear tests, until directional shear
tests (successfully performed on sands, Arthur et al., 1977)
are performed on clays to provide results covering the
complete range of plane strain modes of failure. Field
applications of such modes of failure are numerous (e.g.,
bearing capacity of strip footings, stability of embankments
and excavations,...).
Failure under plane strain condition (de = 0) leads
YY
to the following equations (Prevost, 1979):
a - a(P) 2 k (p ) 2
[( x) ] + 2 = [ ] (6.19)
2 2 xz
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a +a a(p)
and a = (6.20)
2 2
The Plane Strain Compression (PSC) and Plane Strain Extension
(PSE) peak strengths are related to the radius k (p ) and
the center coordinate a p ) of the failure surface f0 by:I P
a(p) k (p )  a ( p ) k (p )
s u (PSC) = + - ; s (PSE) = + --- (6.21)
2 /3 u 2 /3
Combining Eqs. 6.19 and 6.21:
a - s (PSC) Y - s (PSE) k ( p )
[z u _ x u 2 ]2 (6.22)
2 2 xz
Davis and Christian (1971) developed one of the most general
models to describe the undrained strength anisotropy of clays.
At (peak) failure the in-plane stresses satisfy:
a - s (PSC) a - s (PSE) 2  a 2z u x u 2 2 (6.23)[ I + -- T2 = (6.23)
2 2 b 2  xz
in which a and b are two experimental constants from:
s (PSC) + s (PSE) b s (45)
a and - u (6.24)
2 a [s (PSC) . s (PSE)]½
u u
in which s (45) is the measured undrained shear strength with
the major principal stress at failure inclined 450 with the
vertical (z-axis). Comparing Eqs. 6.22 and 6.23 it
becomes clear that the description of undrained strength
anisotropy implied by the proposed model is equivalent to
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that of Davis and Christian when:
a = b = ---- (6.25)
The strength anisotropy described by the proposed model is,
therefore, less general than Davis and Christian's strength
model simply because the former utilizes two strength values
(s (PSC) and s (PSE)) whereas the latter utilizes three
(s (PSC), s (PSE) and s u ( 4 5 ) ) .
Using Eq. 6.22 together with the stress transformation
laws, the following equation is obtained:
O( p ) V-3 a (p )  3 a
(p )
s cos 2 2e + [1 - -( sin 28) ]½} (6.26)
u / 2 k(P) 4 k(P)
in which sue = -(Cf - a ) is the undrained shear strength
for plane strain loading (de = 0) and 0 the angle between
Yy
the major principal stress at failure (aif) and the verti-
cal (z-axis). Substituting the values corresponding to fp
in Table 6.1 into Eq. 6.26, the variation of sue /- c as a
function of 6 for normally consolidated BBC is obtained and
represented by the solid line in Fig. 6.11. Also shown in
Fig. 6.11 (dashed line) is the variation of (Txz)f/7ic
where (Txz)f is the shear stress acting on the horizontal
plane at (peak) failure. The common point of the two curves
corresponds to a state of pure shear in terms of stresses
(Txz = max), whereas the extremum of the horizontal stress
curve (e = 34.740) corresponds to a state of pure shear
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in terms of strains. The latter situation would be repro-
duced in a DSS test with perfect boundary conditions im-
posing complementary shear stresses along the vertical sides
and allowing no slippage at the specimen-cap interface. The
strength in case of pure shear in terms of strains (maximum
shear stress at failure) is slightly higher than the hori-
zontal shear stress measured during the test. In order to
compare strength anisotropy predicted by the proposed model
and the Davis and Christian model, strength plots are pre-
sented in Fig. 6.12. These strength plots consist of a
polar representation where the radius is equal to sue/alc
and the angle with the horizontal axis is equal to 28.
The outer circle (dashed line) describes the strength vari-
ation predicted by the proposed model and the dotted area
covers a range predicted by Davis and Christian model de-
pending on two limiting assumptions for interpreting the DSS
test. In the first assumption, the measured horizontal shear
stress at failure during a DSS test equals the maximum shear
stress acting on the soil specimen (i.e., pure shear in
terms of stresses) and consequently 8 = 450, whereas in the
second assumption e = 300 corresponding to T = 300 for BBC
(Azzouz, 1977). Results in Fig. 6.12 indicate that the peak
undrained shear strength predicted by the proposed model for
plane strain modes of failure (de = 0) between PSC and PSEis generally higher than t prediced by Davis and Christian.
is generally higher than that prediced by Davis and Christian.
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b) Residual strength. The residual strength of
the soil after significant shearing is believed to be im-
portant in penetrations problems which cause very large
straining levels in the soil (see Chapter 5). Unfortunately,
classical laboratory tests impose limited deformations (and,
therefore, limited strains) and, hence, can provide little
reliable information regarding residual strength. However,
the post-peak behavior in triaxial tests appears to support
the proposed hypotheses that the residual strength is identi-
cal for any mode of failure (i.e., isotropic) and equal to the
strength in the triaxial extension test.
6.5 SUMMARY AND CONCLUSIONS
This chapter describes the soil model proposed by
Iwan, Mroz anf Prevost and evaluates the model by comparing
predictions with laboratroy tests on mormally consolidated
resedimented Boston Blue Clay under various undrained shear
conditions. For plane strain conditions, the model pre-
dicts the same peak strengths obtained by the Davis and Chris-
tian (1971) elliptical model in the special case when the
ellipse degenerates into a circle.
The model is extended herein by means of a strain-
softening rule to describe the post peak behavior of clays.
The rule is based on the assumption that, in the triaxial ex-
tension mode of loading, the clay behaves as a perfectly
plastic material once failure has occurred. The stress-strain
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behavior of the clay subjected to monotonic loading is
modelled by a hardening rule which reduces the plastic
moduli associated with each yield surface as a function of the
magnitude of plastic flow, and the necessary parameters are
evaluated by means of cyclic triaxial test.
Based on comparisons between predicted and measured
stress-strain-strength behavior of normally consolidated re-
sedimented Boston Blue Clay, the following conclusions are
reached:
1) the model predictions for plane strain compression
and extension tests are reasonably good, especially in des-
cribing the post-peak behavior;
2) the simple softening law to model repeated loading
leads to good simulation of cyclic triaxial tests, and;
3) the model lacks flexibility to describe accurately
intermediate modes of failure (e.g., Direct Simple Shear, cy-
lindrical cavity expansion, etc., ...). Although the DSS
test is difficult to interpret and results of "true" tri-
axial test simulating cylindrical cavity expansion (e.g.,
Kirby and Esrig, 1979) are scarce, it is apparent that the
model overestimates the strength for these two modes of
failure.
Improvements in the strength prediction capabilities of
the model could be easily achieved by considering yield sur-
faces of more general shapes (e.g., ellipsoids or spheroids).
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However, this requires reliable stress-strain curves for
general loading conditions that are not presently available
and hence, the additional complications arising from a more
sophisticated model do not appear justifiable at the present
time.
Directional shear and true triaxial tests on clay are
presently being conducted at M.I.T.
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1. Elastic Shear Modulus
G/b = 182.479
vc
2. Initial Yield Surfaces (Spheres)
Yield Surface Center Location Radius Elasto-Plastic
Number Modulus(m) k (m)
m a1 /a k /a m/vc1 /avc vc m vc
1 0.4874 0.0244 239.649
2 0.4429 0.0942 166.263
3 0.3999 0.1630 110.842
4 0.3625 0.2218 73.895
5 0.3338 0.2675 49.263
6 0.3087 0.3066 32.842
7 0.2895 0.3370 21.895
8 0.2726 0.3629 14.596
9 0.2595 0.3830 9.731
10 0.2480 0.3999 6.487
11 0.2388 0.4127 4.325
12 0.2304 0.4234 2.883
13 0.2237 0.4313 1.922
14 0.2177 0.4379 1.281
15 0.2129 0.4429 0.854
16 0.2088 0.4471 0.570
17 0.2056 0.4503 0.380
18 0.2030 0.4530 0.253
19 0.2010 0.4550 0.169
20 0.1995 0.4565 0.113
21 0.1987 0.4573 0.050
22 0.1980 0.4580 0.000
3. Change in Plastic Modulus (Eq. 6.13).
Rate of Decrease in Plastic Modulus
Limiting (Minimum) Plastic Modulus
4. Strain Softening; Post-Peak (Eq. 6.15)
Rate of Decrease in Radius
Initial Radius
Limiting (Minimum) Radius
Table 6.1
A =25.0
m0 1m=-1,212. r22
H' /H'0 = 0.10
m m
A
P
k /c0 vc(z
10.55
0.458
0.260
Numerical Values of the Model Parameters for Normally
Consolidated Resedimented Boston Blue Clay (Ko = 0.537)
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Normalized
Test Strength Predicted Measured
v - oh  (f)Triaxial compression -- 0.328
2a
vc
h v (1)
Triaxial extension -- 0.130
2a
vc
v h
Plane strain 0.363 0.335
compression 2 a
vc
a -ah v
Plane strain extension 0.165 0.175
2 0
vc
Direct simple shear (4) 0.238 0.200
a
vc
Cr - (3)
Cylindrical cavity 0.264 0.210
expansion 2 C
vc
(1) Test used for obtaining model parameters. Therefore, the
prediction exactly matches the measured value.
(2) After a 10% reduction to account for non-homogeneity of
stresses during the test (Prevost and Hoeg, 1976).
(3) Value from true triaxial test quoted by Kirby and Esrig, 1979.
Complete testing information not available.
(4) Apparent strength.
Table 6.3 Predicted vs. Measured Undrained Shear Strength of
Laboratory Tests on Normally Consolidated Resedi-
mented Boston Blue Clay.
-190-
I II I I I I I 
I I
C
I I I
C =Compression Loading
E = Extension Unloading
C
I I I I I I I I
10 12 14 16
CUMULATIVE VERTICAL STRAIN fIdvl, %
Figure 6.1 Principal stress difference and mean effective stress vs
cumulative vertical strain during CKoU triaxial test on
normally consolidated Boston Blue Clay.
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Modified Yield
Surface fm
al Yield
rface fm
k(m+l)
,Li = (Si S i (m)) - (Si i(m+ l )
-°•i )- ( i-°(i )
dA (B + B2 -AC);
A = ,i2
= i ' (oi- Si - dSi); and
= 2dSi.(Si-oCi)+dSi2
Translation of fj , j = I,
S i - OCI)
k k (j)k (m)
Figure 6.4 Translation of yield surfaces.
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Translation of fm
(m)dot(i = , i , dP.
where
b0 I 2 3 4 5 6 7 8 9 10 II 1
VERTICAL STRAIN IEVI,%
Figure 6.5 Measured stress-strain curves in undrained triaxial tests
on normally consolidated resedimented Boston Blue Clay.
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CHAPTER 7
PORE PRESSURE MODEL
This chapter reviews methods for predicting the excess
pore pressures generated by undrained shearing of saturated
clays. A new analytical model to estimate the pore pressures
during undrained straining of clays (e.g., during pile or cone
penetration) is proposed and evaluated by comparing predictions
with laboratory test results.
7.1 REVIEW OF PORE PRESSURE PREDICTION METHODS
7.1.1 Stress Theories
In order to predict the excess pore pressure,Au, during
undrained loading of soils, Skempton (1954) proposes an expres-
sion for Au in terms of the changes in principal stresses Aay
and Aa 3:
Au = B[AG 3 + A(Aa 1  - Ar 3 ) ] (7.1)
where A and B are pore pressure parameters.
The B parameter relates the increase in pore pressure to
an all around (isotropic) increase in total stress. For satur-
ated clays, where the skeleton compressibility is very large
compared to the water compressibility, the B parameter equals
-203-
unity and Eq. 7.1 reduces to:
Au = ac, + A(Aa z - Aa3) (7.2)
The A parameter relates the increase in pore pressure to
an increase in the stress deviator (or principal stress dif-
ference), A(a - a ). For a linearly elastic isotropic material,
1 3
loaded in triaxialcompression, A = 1/3, and in triaxial exten-
sion, A = 2/3. The variation of A with vertical strain, vE
during a CKoU triaxial compression test on normally consoli-
dated resedimented Boston Blue Clay (BBC) is shown in the lower
part of Fig. 7.1*. The A parameter, initially equals 1/3,
reaches a value Af = 0.50 at peak strength and then increases
indefinitely as the stress deviator approaches its consolida-
tion value (i.e., A(a - 3) = 0). Figure 7.1 clearly indicates
that, for saturated clays, the A parameter expressed by Eq. 7.2
cannot be used without difficulty in predictions involving
strain softening of the soil. In addition, the A parameter,
for a given soil type, is very sensitive to the initial and the
applied stress systems. Despite these shortcomings, and per-
haps because of simplicity in concept and computation, A is the
pore pressure parameter most widely used.
Henkel and Wade (1966) recognized that Eq.. 7.2 does not adequately
separate the contributions of isotropic and deviatoric stress
increments to the excess pore pressure during undrained shear
*See Chapter 6 for information on resedimented BBC.
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of saturated clays, and expresse Au in terms of increments of
stress invariants*:
Au = Act + a ATct (7.3)oct oct
where:
1
oct = (a + _ + " )  (7.4);
oct 3 1 2 3
T 1 [( - a )2 + (a - a )2+ (a - C )2]2Oct 3 1 2 2 3 1 3
..... (7.5);
and A denotes the difference between the present and initial
(at end of consolidation) values. The major advantage of the
pore pressure parameter "a" in Eq. 7.3 is that it equals zero
for a linearly elastic isotropic material subjected to any
kind of loading and, hence, describes the tendency of the soil
to change in volume (if drained) when subjected to a pure
shear (deviatoric) loading condition. Furthermore, a is much
less sensitive than Skempton A parameter to the applied stress
system for soils. However, as illustrated in Fig. 7.1, a
initially equal to zero, reaches a value af - 0.35 at peak
*In an earlier publication (1960), Henkel expressed Au
in terms of invariants of stress increments but later, based on
experimental evidence, abandoned this approach.
**Henkel and Wade (1966) define the octahedral shear
stress as 3 AT in Eq. 7.5 and, therefore, write a/3 AToct
instead of a oct in Eq. 7.3.
oct
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strength and then increases indefinitely as the octahedral
shear stress approaches its consolidation value (i.e., AT oc t = 0).
This indicates that, for saturated clays, similarly to Skempton
A parameter, the a parameter expressed by Eq. 7.3 cannot be
readily used in predictions involving strain softening of the
soil.
Henkel equation (Eq. 7.3) is, therefore, better suited
for estimating excess pore pressures in stress-controlled
problems where soil elements are subjected to general loading
conditions but, only up to a strain level where no significant
softening has occurred.
7.1.2 Strain Theory
Vaid and Campanella (1974) performed a comprehensive pro-
gram of triaxial and plane strain undrained tests with pore
pressure measurements on normally Ko - consolidated Haney clay*
specimens trimmed from block samples. For both triaxial and
plane strain conditions, they investigate four total stress
paths: compression loading (Aa > 0, Aa = 0), compression
1 3
unloading (Aa = 0, Au < 0), extension loading (Aa = 0,1 3 1
Aa > 0) and extension unloading (Au < 0 Aa = 0). In order
3 1 3
to make a valid comparison between triaxial and plane strain
results, all specimens were initially normally consolidated
under K conditions to the same vertical effective stress,
o
*Canadian clay with PI = 18% and sensitivity = 6-10.
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vc = 6 kg/cm 2 . Figure 7.2.a compares the pore pressure change,
Au, versus axial strain during triaxial and plane strain shear
and, illustrates the importance of the total stress system on
Au. On the other hand, when the change in octahedral (or mean)
normal stress,Aaoct, is eliminated and the pore pressure change
due to shear alone, Aus, is plotted, Fig. 7.2.b, much more con-
sistent results are obtained.
Aus = Au - Aaoct (7.6)
Figure 7.3.b indicates that:
(1) For a given type of test (triaxial or plane strain)
and a given mode of shearing (compression or extension) us is
independent of the total stress path (loading or unloading);
i.e., the shear induced pore pressure,u s, is only a function
of the stress path. This important result indicates that for
a saturated clay sheared under undrained conditions,Au can be
s
predicted in terms of strains independently of the mean (or
octahedral normal) stress level;
(2) in the compression mode, Aus is virtually the same
for triaxial and plane strain tests*. In the extension mode,
Aus is slightly larger (= 10%) for plane strain than for
triaxial test and, finally;
(3) in extension tests, Aus develops earlier (at a faster
*Vaid and Campanella (1974) do not mention how Aa2 (total
stress increment normal to the no displacement plane) was ob-
tained in order to evaluate Ao t (in Eq. 7.6). However, it is
probable that Aa2 was measurea Ty means of a total stress cell
as in the MIT plane strain device.
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rate with strain) than in compression tests, but the limiting
Au
values are approximately equal (-- = 0.33 - 0.37).avc
7.2 EFFECT OF LOADING REVERSAL ON PORE PRESSURES
Lo (1961) performed undrained stress-controlled cyclic
tests on normally isotropically consolidated Fornebu clay where
the vertical stress was increased (or decreased) in steps.
Sufficient time was allowed between steps for the deviator
stress and the pore pressure to reach equilibrium values.
Therefore, each test consisted of a series of undrained incre-
mental creep tests performed at various stress levels. Figure
7.3 shows the principal stress difference (or deviator stress)
and pore pressure vs. axial strain; and pore pressure vs.
principal stress difference for one of Lo's tests (Test number
2).
Comparing Figs. 7.3.b and 7.3.c, it is clear that the
pore pressure is better correlated to strain than to principal
stress difference during these repeated loading tests. In
fact, the pore pressure appears to be uniquely related to strain
when the applied stresses are maintained for a long period of
time after each load increment (or for very slow rate of
loading). Unfortunately, strain controlled cyclic test results
on Boston Blue Clay presented subsequently do not confirm this
*Norwegian clay with PI = 34 ± 6, Sensitivity = 2-4.
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unique relationship between pore pressure and strain in strain-
controlled cyclic tests. Furthermore, changes in octahedral
normal stress, Aaoct, associated to changes in principal stress
difference, A(a - a ),vary for different loading conditions
1 1
and, thus, similar relationship for other applied stress systems
is not warranted.
Figure 7.4.b shows the excess pore pressure Au vs. vertical
strain, Ev, during a CKoU cyclic test* on normally consolidated
resedimented Boston Blue Clay (Braathen, 1966) and indicates
that in contrast to the results reported by Lo (1961) Au is
very sensitive to strain (or stress) history and exhibits a
very complicated behavior. Variation in the shear induced pore
pressure, Aus, with vertical strain (Fig. 7.4.c) exhibits a
somewhat simpler behavior and indicates that:
a) When the shearing direction is changed from compression
to extension (a,c and e in Fig. 7.4.c), the rate of shear
induced pore pressure generation increases drastically;
b) When the shearing direction is changed from extension
to compression (b and d in Fig. 7.4.c), the shear induced pore
pressure,Aus , first decreases and then increases to reach,
asymptotically, the curve corresponding to a monotonic (com-
pression) loading (dashed line in Fig. 7.4.b and c), and;
*This is the same test described in Chapter 6 (see Figs.
6.1 and 6.6); the loading history during the test is illust-
rated by means of total and effective stress paths (Fig. 7.4.a).
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c) The curves of Au vs. vertical strain during extension
shearing (ab, cd and ef in Fig. 7.4.c) appear to tend toward a
common asymptotic value, (Aus)max-
Results of triaxial compression tests, subjected to
straining reversal, reported by Bishop and Henkel (1953) are
presented in Fig. 7.5. Although they plot the total excess
pore pressure, AU, comparison of Figs. 7.4.a and 7.5.a qualit-
atively confirms the above remarks on Aus
In summary, a review of existing methods for predicting
the increments in pore pressure, Au, that develop in saturated
clays due to undrained shearing, indicates that Au should be
divided into two components (Henkel, 1960, Henkel and Wade, 1966): the
increment in the mean total stress, Act , which is controlled by
equilibrium considerations in each particular problem; and
the shear induced pore pressure, Aus , caused by the soil tend-
ancy to dilate (or contract) upon shearing.
The prediction of Ausdepends on the type of problem at
hand:
(a) in stress-controlled problems (e.g., flexible footing
on top of a half-space) where the stress increments can be
estimated reliably, Au scan be determined knowing Henkel "a"
parameter and the octahedral shear stress To ct (Eq. 7.5); and
(b) in strain controlled problems (e.g., cone
penetration, pile driving) where strains in the soil can be
estimated more reliably than stress-increments, Aus should be
-210-
predicted by means of a model relating Aus to the strain
history. Such a model is described below.
7.3 PROPOSED PORE PRESSURE PREDICTION MODEL
This section presents a new analytical model for predicting
the shear induced excess pore pressure, Aus (Eq. 7.6), gener-
ated in a normally consolidated saturated clay by undrained
shearing. The model is incremental and anisotropic and, can
predict Aus for general strain paths (various shearing modes
as well as loading - unloading).
7.3.1 General Description
The incremental shear induced excess pore pressure,
d(Aus), is expressed as a function of the octahedral shear
strain increment, dYoct, by the expression
dA(u s )  = /2 * I(ij) Id Yoctl (7.7)
where the scalar function I, which controls the rate of shear
induced pore pressure, depends on strain history and, the
octahedral shear strain, Yoct, is given by
1
Y o [(E - ) 2 + ( - E ) 2 + (E - E )2½oct 1 2 2 3 3 1 7.8)
Therefore, Aus can be estimated by integrating Eq. 7.7 along
the strain path once the function I is determined. In order
to describe the funtion I, the strain space (Sij) is divided
into a finite number of regions where I is constant. These
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regions are limited by surfaces gm corresponding to a rate of
shear induced pore pressure generation I . For simplicity,
the surfaces gm are described in the ijspace by the equation:
((m) (m) 2 (7.9)
ij - j ij - ij m (79)
(m)
where 0ij and p are the center coordinates and the size of
the surface gm, respectively.
During loading, the surfaces gm which are reached by the
strain point (traveling along the strain path) are translated
remaining tangent to each other at the strain point. The rules
governing the translation of the surfaces gm are identical to
those presented in Chapter 6 so that the surfaces do not change
in size and never intersect each other (see Fig. 7.6). The
rate of shear induced pore pressure generation, Im , associated
to the surface gm is independent of the relative magnitude of
the strain increment components (i.e., independent of the dir-
ection of the strain increment vector) and, of the strain history
when the soil had been only subjected to monotonic loading.
Upon loading reversal* (unloading), all Im are reduced from
their initial value I to an updated value Io described from
m  m
the expression:
*By definition, loading reversal occurs when the strain
increment vector is pointing towards the interior of the
current surface.
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(Aus) max AuI = ) o (7.10)m (Aus)max
in which (Aus)mex and Aus are the maximum and current shear
induced pore pressures, respectively. Since the model will
only be applied to strain paths involving at most one loading
reversal (cone penetration problem), the variation of Au for
s
more general cyclic straining is not needed herein.
Application of the model, therefore, requires knowledge
(m)
of the initial location and size of the surface (.ij and pa)
and of the maximum shear induced pore pressure, (Aus)max , which
are determined experimentally as explained later.
7.3.2 Model Implementation
Although the model can readily be applied to general
strain paths where the six strain components, E.., vary, the
following derivations are limited to the 3-dimensional E.- space
described in detail in Chapters 5 and 6. The E.- space is very
convenient for visualizing the strain paths of classical labor-
atory tests (triaxial, plane strain and direct simple shear)
and field tests (pressuremeter, cone penetration) under ideal-
ized conditions. The strains Ei ( = E1, E2 and E3) are respect-
ively given in cartesian and cylindrical coordinates by:
* (Aus)mavwhich is the asymptotical value of Aus, after
strain reversal, will be defined later in this chapter.
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1E = E ; E-- l(e
1  zz 2 /- yy
E = EZZ E2 =  (E
E zz E2 /
2
XX 3 XZ
2
- ); E - r
rr 3 rz
In the Ei - space, the proposed surfaces gm are spheres
described by the equation:
Z [E - _(m) 2 2 = 0i 1 m (7.13)
(m)in which 8 and p are the center coordinates and the radius
of the sphere gm, respectively. The octahedral shear strain,
oct, is equal to:
_ 1Yoct = 3 XX Syy ) (Cyy Szz )2 + (Ezz zz
After substituting Eqs. 7.11 into Eq. 7.14
S 1 [E2 + E2 + E
2 ]
YOct /7 2 3
-
)2 + 6 2]
XX xz
(7.14)
(7.15)
and Eq. 7.7 becomes:
d(Aus) = I m (7.16)I* d [E2 + E2 + E2]I1 2 3
Prior to undrained shearing, the sizes and locations of the
spheres gm reflect the initial anisotropic behavior of the clay.
In most cases of interest, initial anisotropy develops during
deposition and subsequent consolidation under one-dimensional
straining conditions, thus, leading to symmetry about the
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and
(7.11)
(7.12)
• .LLL
vertical z-axis (i.e., cross-anisotropy). The surfaces gm
are, therefore, initially centered along the E -axis
((m) - (m) = 0, for any m).
2 3
In order to determine the model parameters describing
the initial spheres gm' curves of (Aus ivc) vs. axial strain
from Ko-consolidated undrained triaxial compression and exten-
sion tests are utilized as illustrated in Fig. 7.7. During
triaxial testing the strain point moves along the E -axis
and, therefore, the spheres gm remain centered on the E -axis;
furthermore, Eq. 7.16 simplifies to:
d(Au s) = Is IdE 1 = I' Id  z 1 (7.17)
The two curves for compression and extension are then
subdivided into a finite number of pairs of linear segments
with slope of opposite sign and the same absolute value. The
starting points of the mth segments along the compression
and extension sides provide the upper and lower intersections
of the sphere gm with the E -axis, respectively. These two
points of intersection completely define the initial location
and size of the sphere gm (i.e., f M ) is equal to the average
ordinate and pm is equal to half the distance between the
two points). The common absolute value of the slope of the
1two corresponding segments equals and, hence, determines
m
the rate of pore pressure generation Im associated to g m
The value of ( rmaxis obtained from results of cyclic
avc
triaxial tests as illustrated in Section 7.4.
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7.3.3 Computer Program
The pore pressure model described above was incorporated
in a computer program (coded in FORTRAN IV) which is listed and
explained for the user in Appendix E. Input data consists of
the initial spheres radii p , ordinates, (m), and associated
m 1
rate of pore pressure generation, Im and of the parameters
(Aus)max',vc to predict unloading (if any). The strain path
to be followed is input by means of successive strain incre-
ment vectors. For each strain increment vector, the program
computes the corresponding deviatoric pore pressure increment,
modifies the sphere configuration and prints the value of the
updated deviatoric pore pressure.
7.4 EVALUATION OF THE PORE PRESSURE MODEL
7.4.1 Model Parameters
The soil considered in this section consists of normally
consolidated Boston Blue Clay (BBC) described earlier in sec-i
tion 6.4.1.
Figure 7.8 shows results of CK U triaxial compression
and extension tests performed on normally consolidated BBC
with different vertical consolidation stresses. These results
exhibit little scatter (less than 12%), thus confirming that
A u can be normalized with the vertical consolidation effective
stress a . In order to facilitate the determination of the
vc
model parameters (as outlined in Fig. 7.7), each set of exper-
imental data points is fitted with an hyperbola. The hyperbolae
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for compression and extension yield the same asymptotic value
Au5( )im 0.43. This means that at large strains, the clay
vc
develops the same shear induced pore pressure in triaxial com-
pression and extension.
The maximum value of the shear induced excess pore
pressure, (Aus)max, developed after straining reversal,is
evaluated from the results of cyclic triaxial tests presented
(AUs ~max
in Fig. 7.4.c. For BBC, _ = 0.54 proved to be a reason-
yvc
able value in the three cyclic triaxial tests with similar
stress paths reported by Braathen (1966).
Numerical values of the model parameters for normally
consolidated resedimented BBC are tabulated in Table 7.1. The
equations necessary for computing Aus in classical laboratory
tests are given in Table 7.2.
7.4.2 Pore Pressure Predictions
Plane Strain Tests
Figure 7.9 compares predictions of the model (solid lines)
with results of CK U plane strain compression and extension
tests on normally consolidated resedimented BBC. Changes in
the octahedral total normal stress, Aaoct during these tests
are evaluated from the measured values of the three normal
total stresses as tabulated by Ladd et al (1971).
In compression tests, the predicted shear induced pore
pressure Aus, (Fig. 7.9.a) is approximately 10% higher than
measured, whereas, in extension tests, Aus (Fig. 7.9.b) isS
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mostly within the scatter of experimental data.
Direct Simple Shear Tests
In order to compare the predicted and measured pore pres-
sures, Au( = Aaoct + Aus), in a DSS test, two problems arise:
(1) the change in the octahedral total normal stress, Aaoct'
in the experiment cannot be determined from measurements and;
(2) the stresses and strains are not uniform throughout the
sample. Therefore, simplifying assumptions are required.
Based on the detailed discussion of the DSS test in
Chapter 6, Au is predicted in the following manner:
(1) Stresses and strains are uniform within the soil
sample which is sheared in a pure shear mode in terms of
strains (idealized testing conditions);
(2) Aus is predicted with th6 proposed model by following
a strain path located along the E3-axis (i.e., dezz = dexx
de = 0, dExz#0); and,
YY
(3) Aa oct is evaluated by means of the deviatoric stress
model of Chapter 6.
Figure 7.10 shows the predicted and measured values of Au
vs. the engineering shear strain, y. Predictions compare
reasonably well with nmeasurements up to y = 8% but are lower
at higher strains (=25% at y = 30%). Such accuracy is considered
reasonable in view of the uncertainties associated with inter-
pretation of the experimental results.
*During a DSS test AG = As + AaQc t = 0; i.e.,
Aa = -As (As = deviazoric s•rain increment).oct zz zz
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Cyclic Triaxial Tests
Figure 7.11 compares the predicted shear induced pore
pressures to measurements obtained in a CK U cyclic triaxial
test on normally consolidated BBC (described earlier, Fig. 7.4).
Since the model can predict one unloading branch only, pre-
dictions are evaluated for the unloading performed at vertical
strain levels e = 1.2%, 3.6% and 8.3%, in Figs. 7.11.a, b and
c, respectively.
Predictions of Au during unloading for Ev = 1.2 and 3.6%
(Figs. 7.11.a and b) are virtually identical to the measured
values. Furthermore, Aus during the last unloading (Fig. 7.11c)
is slightly underpredicted (=15%) at first but the agreement
is very good after the sample has been subjected to signif-
icant extension strain.
7.5 SUMMARY AND CONCLUSIONS
A review of existing methods for predicting the excess
pore pressure, Au , generated during undrained shearing of
clays indicates the need for a new method to predict Au caused
by the very complicated strains associated with cone penetra-
tion (variable principal strain directions with large strains
and strain reversals). A method is proposed to predict Au in
strain controlled problems. Following Henkel's approach, Au
is divided into two components: a) AGoct due to changes in
confinement and b) Aus caused by the tendency of the soil to
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to dilate (or contract) due to pure shear loading. The first
component, Aa oct , is obtained from equilibrium considerations
and, the second component, Aus, is evaluated by means of a
new analytical model.
The model can predict Aus for anisotropic clays subjected
to general straining conditions (with rotation of principal
strain direction) and one unloading. For monotonic loading,
all model parameters can be obtained from results of CK U
triaxial compression and extension tests. For unloading, the
model requires an estimate of the maximum (or limiting) Aus
which can be obtained from results of laborabory tests in-
cluding straining reversal.
A comparison between the predicted and measured pore
pressures during plane strain compression and extension and
in direct simple shear tests indicates good agreement in spite
of the difficulty in evaluating Aaoct during these tests.
Furthermore, the predicted pore pressures during unloading
are very close to measurements obtained from CK U cyclic
triaxial tests.
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Center
Location
(m)
1
0.0
-0.0006421
-0.0008770
-0.0011675
-0.0015227
-0.0019544
-0.0024771
-0.0031096
-0.0025968
-0.0014419
-0.0006395
0.0010294
0.0022827
0.0047507
0.0067247
0.0104657
0.0136211
0.0194399
0.0245783
0.0338714
0.0424176
0.0576643
0.0722062
0.0979093
0.1232521
0.1677816
0.2130503
0.2923348
0.3752503
0.5203211
0.6761177
0.9488651
1.2492010
1.7760948
2.3702142
3.4153561
4.6213929
6.7513929
Radius
pm
0.0
0.0006421
0.0008770
0.0011675
0.0015227
0.0019544
0.0024771
0.0031096
0.0051542
0.0081677
0.0112320
0.0156636
0.0203056
0.0269504
0.0340986
0.0442845
0.0555129
0.0715036
0.0895362
0.1152752
0.1449294
0.1874405
0.2374262
0.3095063
0.3959293
0.5214342
0.6747632
0.8992079
1.1784196
1.5906991
2.1126571
2.8904875
3.8922077
5.3994725
7.3729410
10.3719029
14.3636664
20.4918094
Rate of Pore
Pressure
Generation
o
I
m
55.0
43.37736
38.24489
33.09526
28.11354
23.44749
19.20351
15.44683
12.20514
9.47457
7.22698
5.41752
3.99169
2.89127
2.05902
1.44189
0.99303
0.67270
0.44828
0.29392
0.18962
0.12040
0.07524
0.04628
0.02803
0.01671
0.00981
0.00568
0.00323
0.00181
0.00100
0.00055
0.00029
0.00016
0.00008
0.00004
0.00002
0.00001
Maximum Normalized Shear Induced Pore Pressure (Eq. 7.10)
s maxs max = 0.54
vc
Table 7.1 Numerical values of the model parameters for normally
consolidated resedimented Boston Blue Clay.
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Figure 7.1 Pore pressure behavior during CKoU triaxial test on normally
consolidated resedimented Boston Blue Clay.
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-12 -8 -4 0 4 8 12
Axial Strain %
(b) SHEAR INDUCED PORE PRESSURE VS.AXIAL STRA!N
Figure 7.2 Comparison of undrained pore pressure vs axial strain relations
in triaxial and plane strain tests on normally consolidated
undisturbed Haney clay (after Vaid and Campanella, 1974).
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Figure 7.4 Stress path and pore pressure vs vertical strain in CKoU
cyclic triaxial test on normally consolidated resedimented
Boston Blue Clay.
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Figure 7.9 Predicted and measured shear induced pore pressures vs
vertical strain in CKoU plane strain tests on normally
consolidated resedimented Boston Blue Clay.
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Figure 7.11 Measured and predicted shear induced pore pressure in CKoU
triaxial tests with strain reversal.
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CHAPTER 8
PENETRATION PORE PRESSURES
IN
BOSTON BLUE CLAY
8.1 INTRODUCTION
The primary objective of this chapter is to estimate
the pore water pressures in the soil during cone penetration
because they are essential for the rational interpretation of
the consolidation that takes place after penetration stops
(Chapter 12). Reliable estimates of penetration pore pres-
sures are difficult to achieve because of two major factors:
1) Uncertainties in the mathematical model simulating
soil behavior and, in particular, the parameters
describing the in situ properties of a given
soil. Chapters 6 and 7 present the proposed models
to predict stresses and pore pressures during un-
drained shearing of clays, provide the parameters
describing normally consolidated Boston Blue Clay
and show that the models provide reasonable predic-
tions of selected laboratory test results, and;
2) Uncertainties in the method of analysis. Due to the
complexity of the mechanism of steady cone penetra-
tion, only approximate solutions can be obtained by
the strain path method described in Chapter 4.
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In view of these uncertainties and with the ultimate ob-
jective of interpreting the decay of pore pressures in the
Boston Blue Clay (BBC) deposit described in Chapter 2, this
chapter treats the following subjects:
1) The pressuremeter test in a soft BBC deposit. Pre-
dictions of the proposed model in normally consoli-
dated BBC are compared to predictions of other models
and to experimental results of self-boring pres-
suremeter tests conducted in "soft" BBC (El. -70 to
-120, Fig. 2.13). Since the analysis methods of
pressuremeter tests involve much less uncertainties
than the more difficult penetration process, these
comparisons thus focus on the adequacy of the soil
models used and the importance of the model para-
meters selected to perform field predictions in BBC,
and;
2) cone penetration in the same BBC deposit. The strain
path method (Chapter 4) is used to predict stresses
and pore pressures during steady quasi-static
penetration of 180 and 600 conical tips in nor-
mally consolidated BBC. For these predictions,
strains during penetration are approximated by the
fields corresponding to a perfect fluid (Chapter 5)
and soil behavior is described by the soil models
in Chapters 6 and 7. The predicted cone
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resistance, qc' and pore pressures at different loca-
tions on the cone are then compared to experimental
results and limitations of the strain path method
are discussed.
8.2 EXPANSION OF CYLINDRICAL CAVITIES AND THE
PRESSUREMETER TEST
This section presents a detailed treatment of the pres-
suremeter test to check the adequacy of: a) the proposed
soil behavior models, and; b) the parameters selected on the
basi3 of laboratory test results on resedimented Boston Blue
Clay in predicting the field performance in the soft deposit
between El. -70 and -120 at the Saugus (Massachusetts) site
(see Chapter 2).
Predictions are made for the idealized conditions
associated with the undrained expansion of a (vertical) cylin-
drical cavity from a finite radius, in an incompressible soil.
8.2.1 Proposed Solution
a) Stress-Strain Curves
**
In order to predict the undrained expansion curve
See assumptions in Chapter 3.
The expansion curve of a pressuremeter test relates
the internal cavity pressure (i.e., ar) to the dimensionless
volumetric expansion of the cavity, AV/V ; where AV = in-
crease in volume and V = initial volume of the cavity.
o
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of an idealized pressuremeter test in clay, the following are
required:
1) The initial horizontal stress:
aho = K -vo + Uo before expansion, and;
2) The shear stress ( ) at various strain levels
2
when the soil is deformed under plane strain condi-
tions, i.e., dez = 0 and der = - dee
This will enable the determination of a r and a in the soil
during cavity expansion. However, the prediction of pore
pressures requires that, in addition, the shear induced
pore pressures, the initial vertical stress a (= -o + u )
vo vo 0
and its variation, ba , during expansion be estimated. This
could be achieved by knowing
1) the shear induced pore pressure Aus ('= Au - Aooct)and;
2) the deviatoric vertical stress s z[= az - aoct;
aoct= (a + a + a )] at various strain levels
oct 3 r 6 z
when the soil is sheared under plane strain condi-
tions (dE = 0).
Therefore, comprehensive predictions including
stresses and pore pressures during cavity expansion require
three stress-strain relationships:
a) (ar - ae)/ 2 ; b) sz , and; c) Aus -
The solid lines (labelled #1) in Fig. 8.1 present
these three relationships for normally consolidated BBC
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assuming normalized behavior with respect to the vertical
consolidation stress, avc. The dependence of the normalized
shear stress (ar -a )/2vc and the normalized vertical
deviatoric stress, Sz/Ovc on the radial strain er(= -E )
are derived from the deviatoric stress model in Chapter 6
using the parameters in Table 6.1 derived from laboratory
tests on normally consolidated resedimented BBC. The rela-
tionship between the normalized shear induced pore pressure,
AUs/a vc, and Er is obtained form the pore pressure model of
Chapter 7 using the parameters in Table 7.1 also based on
laboratory tests on normally consolidated resedimented BBC.
For normally consolidated resedimented Boston Blue Clay,
Fig. 8.1 indicates that the soil model in Chapter 6 predicts
that:
1) The shear stress-strain relationship of the soil in
a pressuremeter mode is the same as in a direct simple
shear mode of shearing (Fig. 6.8). The peak undrained
shear strength, su/Evc [= (ar - a )/ 2-vc at failure],
equals 0.26 at a radial strain er = 4.4% before
significant strain softening takes place;
2) the "residual" undrained shear strength,
(Su/•c)residual equals 0.15 and is asymptotically
reached at "large" strains (in excess of er = 20%);
and;
3) the vertical deviatoric stress, s /vc, initially
z vc
equal to 0.31 (corresponding to K = 0.537), de-
creases during undrained shear to 0.13 at the peak
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undrained shear strength (er = 4.4%) and eventually
vanishes at large strains. When sz = 0, the ver-
tical stress,a oz , equals the octahedral stress,
aoct which equals the average of or and ao i.e.,
z = oct = (r + a )/2.
b) Predictions in normally consolidated Boston Blue Clay
Predictions of stresses and pore pressures during
cylindrical cavity expansion are determined by means of the
numerical method described in Chapter 3. Integration of the
radial equilibrium equation begins at a radius equal to 200
times the initial radius of the cavity (r = 200 Ro ) where condi-
tions at infinity are imposed: a = o+ u ; and
a = a = K a + u . Using approximately 105 intervals
r o vo o
(i.e., 106 nodal points), the interval length equals 10 R at
r = 200 Ro and decreases with 1/(r - Ro ) to provide better
resolution in zones of high stress gradients near the cavity
wall. At each nodal point, the natural radial strain, r', is
calculated (Eq. 3.9) and the corresponding values of
(ar - a )/2, s and Au are evaluated by means of the curves
labelled #1 in Fig. 8.1. The calculations described in
Fig. 3.3 proceed until the current cavity radius, R. The so-
lution accuracy is checked by increasing both the outer
boundary radius and the number of intevals. Parameteric
studies showa maximum discrepancy of 0.1% between the computed
stresses and, therefore, the grid described above is considered
adequate.
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Figure 8.2 presents predictions of radial and vertical
total stress and excess pore pressure distributions in the
soil (normally consolidated BBC) surrounding a pressuremeter
AV
at different levels of expansion, (= 0.5, 2, 10 and 100%).V
Results in Fig. 8.2 illustrate the progressive shearing of the
soil during a pressuremeter test. When the volumetric strain
AV
of the cavity, - , reaches high levels, stresses and pore
pressures approach values predicted for the expansion from
zero radius (Appendix G). The solid lines in Figure 8.3 show
the predicted radial stress, r, and excess pore pressure, Au,
at the cavity wall versus the volume increase of the cavity
AV
V"
8.2.2 Existing Solutions
Carter et al. (1978) employ the finite element technique
to analyze the expansion of a cylindrical cavity from an
initial radius Ro using the "modified Cam-Clay" model for soil
behavior (Roscoe and Burland, 1968; Schofield and Wroth, 1968).
Table 8.1 presents the model parameters selected by Carter
et al. to simulate a soil with "properties similar to those of
Boston Blue Clay" (X, <, ecs, M). Based on these parameters,
and the modified Cam-Clay model described by Roscoe and Burland
(1968), Kavvadas (1979) computed: 1) the equivalent input
parameters obtained from more conventional oedometer and tri-
axial tests [CR, RR, 4(TC) and c(TE)], and; 2) the predictions
of K and su shown in the first column of Table 8.1 assuming
a Mohr-Coulomb failure envelope.
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The modified Cam-Clay model generally overpredicts K .
o
Accordingly, Carter et al. use a more realistic value of
K° = 0.55 for normally consolidated BBC in their analyses.
The second column in Table 8.1 presents the equivalent para-
meters and the predictions of the model used by Carter et al.
(1978) as determined by Kavvadas (1979) assuming .an extended
Von Mises failure envelope.
Comparing the soil parameters selected by Carter et al.
(1978) with measured values for normally consolidated BBC in
different laboratory tests (third column in Table 8.1) we
note that:
1) the compression ratio CR (or alternatively X) is
underestimated by 20 to 50%;
2) the recompression ratio is within the range of varia-
tion of experimental results and is therefore rea-
sonable;
3) the friction angle in triaxial compression, ý(TC)
is underestimated by 30 (i.e., M is low). This is
probably necessary in order to predict reasonable
strengths at large strains because the modified
Cam-Clay model cannot simulate the observed strain
softening behavior.
4) the friction angle in plane strain compression,
ý(PSC), is grossly overestimated by about 100 .The
Mohr-Coulomb criterion predicting T(PSC)
= I(TC) = 300 (see first column in Table 8.1)
therefore appears more reasonable than the
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extended Von Mises failure criterion.
5) the undrained shear strength for Ko consolidated
triaxial compression and extension tests are identi-
cal and equal to 0.295 a . Although this value
only slightly underestimates the measured strength
in the compression mode (by 10%), it greatly over-
estimates that in the extension mode (by 127%);
6) the undrained shear strength for Ko-consolidated
plane strain test is independent of the loading
direction and equals 0.34 . This provides a very
vc
reasonable estimate of the measured strength in
plane strain compression test but much too high
estimated strengths for plane strain extension
(94% too high), direct simple shear (70% too high)
and pressuremeter loading mode (62% too high) tests.
The stress-strain curves pertinent to cylindrical cavity
expansion in normally consolidated BBC and predicted by Carter
et al. (1978) are plotted in Fig. 8.1 (curves #2). For illus-
tration, the stress strain curves of an idealized elastic
(Gvc = 25, v = 0.5) perfectly-plastic (s /v = 0.34)
vc u vc
material are also plotted in Fig. 8.1 (curves #3). A compari-
son of curves number 2 and 3 in Fig. 8.1 indicates the very
These curves are backfigured from the predicted stress
distributions predicted by Carter et al. (1978) for the expan-
sion of a cylindrical cavity from zero radius (see Appendix G).
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small difference in soil behavior (during expansion of a cy-
lindrical cavity) predicted by the modified Cam-Clay and
the very simplistic elastic perfectly-plastic models.
When compared to the proposed models (curves #1) the
modified Cam-Clay predicts:
1) higher value of s u/vc (0.34 vs. 0.26) and no strain
softening;
2) a softer response at small strain levels;
3) a faster decrease in sZ with strains such that
sz = 0 [i.e., az = ½(ar + a )] at about er = 3%,
and;
4) smaller values of the shear induced pore pressure
Aus when er > 2%.
Finally, the radial stress, ar' and the excess pore pres-
sure, Au, at the cavity wall predicted by Carter et al. are
shown by the dashed lines in Fig. 8.3. Compared to the pro-
posed model, the Cam-Clay predicts:
AV1) a softer response [(ar - Uo)/vo vs. at low
r vo
expansion levels caused by the lower stiffness at
small strains (see Fig. 8.1);
2) a very similar limiting pressure. The limiting pres-
sure reached at high V- is identical to the radial
o
stress at the wall of a cavity expanded from zero
radius. Appendix G shows that Cam-Clay and the pro-
posed model predict similar radial stresses at the
cavity wall because the compensating effects of
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i) the lower stiffness at small strain levels and
ii) the higher strength predicted by Cam-Clay, and;
3) lower excess pore pressures (approximately half when
V- = 10%) because of the lower predicted shearV
induced pore pressures (see Fig. 8.1).
In summary, the comparison of expansion curves predicted
by the proposed and Cam-Clay models in Fig. 8.3 clearly indi-
cate that even though the two models predict significantly
different stress-strain curves in the pressuremeter mode of
deformation (Fig. 8.1) the resulting expansion curves exhibit
very little difference. This emphasizes the difficulty of
back figuring the "material stress-strain curve" from ex-
perimental expansion curves: small experimental errors can
cause large errors in the back figured stress-strain curve.
8.2.3 Evaluation of Predictions
Ladd et al. (1979) present results of an extensive pressure-
meter testing program conducted in Boston Blue Clay at Saugus,
Massachusetts. Results of two tests performed with the French
self-boring pressuremeter PAFSOR at depths 83.2 and 103.2
feet are plotted in Fig. 8.4. The expansion curves for the
two tests are very close even though one of the tests (closed
circles) was conducted after a full loading-unloading cycle
**
had been preformed. The expansion curve predicted by the
Refer to Chapter 2 for information on the testing site.
The loading-unloading cycle consisted of increasing
V- to 2.8% and then decreasing it back to 0.
o
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proposed model (in 8.2.1) is represented by the solid line
in Fig. 8.4. The prediction considers a loading stage up
to - = 16.2% followed by an unloading stage until
o
ar - u = 0. The large discrepancy between predicted and mea-
sured pressuremeter results is obvious. A fair agreement can be
reached if the shear resistance (ar - a )/2 in Fig. 8.1
is multiplied by a factor of 2.08 at all (e ) strain levels.
A number of investigators have noted that the pres-
suremeter test overestimates the undrained shear strength of
clays compared to laboratory tests (Baguelin, et al., 1978;
Ladd et al., 1979). Ladd et al. (1979) provide a number of
possible causes for this important problem resulting from dif-
ferences between the actual test and the idealized conditions
assumed in the theoretical analyses. These assumptions are:
(1) The surrounding soil is homogeneous and saturated.
(2) The stress-strain relationship for the soil is not
affected by variations in strain rate.
(3) Insertion of the probe is accomplished without
disturbing the soil.
(4) The test is performed under undrained conditions;
i.e., expansion occurs at a sufficiently rapid rate
to preclude any drainage.
(5) The length to diameter ratio of the cell is suf-
ficiently large to satisfy the plane strain condition
(i.e., no vertical strain).
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The poor agreement between the predicted and measured
expansion curves in Fig. 8.4 is probably due to a combination
of all these assumptions and possibly, the estimated stress
strain curve (Fig. 8.1) as well. However, the most signi-
ficant causes for discrepancies are believed to consist of
four categories: 1) non-cylindrical expansion; 2) partial
drainage; 3) rate effects, and; 4) slight overconsolidation
of the clay.
1) Non-cylindrical expansion
For practical reasons, pressuremeter tests are
conducted by expanding a cylinder of finite length whereas
predictions assume an infinite cylinder length. Guard cells
are sometimes used to minimize the undesirable end effects in
the test but, additional complications have limited their
application in practice. End effects can be crudely assessed
by assuming the experimental expansion curve to be bounded
by the expansion pressures for cylindrical and spherical
cavities. In an elastic perfectly-plastic material subjected
to an initial isotropic stress, ao, the incremental spherical
cavity pressure (above ao) is 33% higher than that of a
cylindrical cavity. For more realistic conditions (Ko initial
stresses, anisotropic soil), the spherical expansion pressure
is difficult to estimate because the problem becomes two
dimensional (i.e., strains and stresses do not exhibit spheri-
cal symmetry).
Laier et al. (1975) investigate the influence of length
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to diameter ratio (L/d) in laboratory pressuremeter tests
performed on dry sand. Results of 32 tests on samples pre-
pared at two relative densities (DR = 55 and 95%) and six
confining pressures indicate that: a) the L/d ratio has no
significant effect on the measurement of the pseudo-elastic
modulus, E, and; b) the L/d ratio has a marked effect on
measured limit pressure, PL* Laier et al., (1975) propose
a correction curve to account for the finite pressuremeter
length. This curve which is independent of relative density
and overconsolidation ratio indicates that the limit pres-
sure, pL' obtained from a pressuremeter with L/d = 7.5 is
**
twice that predicted with L/d + c . However, the validity of
these results for undrained cavity expansion in clay is doubt-
ful.
Recently, Ghionna et al., (1979), conducted in situ
pressuremeter tests in normally consolidated Porto Tolle
clay for L/d ratios of 2 and 4. Their results show that the
undrained shear strength, su , back figured from tests with L/d=2
(as in PAFSOR tests) is approximately 50% higher than that
back figured with L/d = 4. However, Ladd et al.(1979)
Laier et al., utilized pressuremeters with two guard
cells with lengths equal to that of the measuring cell; i.e.,
L = 3 2 where k = measuring cell length.
Typical L/d used in pressuremeter tests are 2 in
PAFSOR and 6 in CAMKOMETER equipments.
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present results of CAMKOMETER (L/d = 6) and PAFSOR (L/d = 2)
pressuremeter tests in Boston Blue Clay which show no notice-
able difference in limiting pressures. Furthermore, results
they obtain in the upper overconsolidated BBC with the same
PAFSOR equipment (L/d = 2) show less discrepancy between the
extimated and measured strengths of the soil.
2) Partial Drainage
Pressuremeter tests are typically performed at a
strain rate e = 1.0%/min and thus require 10 to 20 minutes
to perform. During expansion, pore pressures develop due to
the increase in isotropic compression and due to the shearing
of the soil. However, pore pressures also dissipate as soon as
gradients take place, i.e., immediately after expan-
sion starts. Dissipation of excess pore pressures repre-
sents partial drainage which tends to increase the shearing
resistance of soft clays. Faster dissipation takes place
when gradients are high (near the cavity wall) and when the
soil is pervious and stiff (high drained bulk modulus).
Clarke et al.(1979) present results of a regular
pressuremeter in soft silty clay with pore pressure measure-
ments (at the cavity wall) followed by a holding test where
the volume of the cavity is held constant. Expansion required
approximately 14 minutes and stopped at E = 10% when the
The strain e represents the ratio of the radial movement
of the pressuremeter membrane to its initial radius; AV
V0
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excess pore pressure Au - 100 kN/m 2. Fourteen minutes
later, Au decreased to 40 kN/m 2 . This clearly indicates
that significant pore pressure dissipation must have al-
ready occurred at the end of the expansion stage.
The effects of pore pressure dissipation on the
expansion curve are difficult to assess because the increase
in strength and the rate of dissipation depend on the effec-
tive stresses during consolidation. Prediction of these
effective stresses require very complicated soil models beyond
present capabilities.
3) Strain-Rate Effects
The stress-strain relationship for clays sheared
under undrained conditions is strain-rate dependent. Labora-
tory tests performed by Taylor (1943) on Boston Blue Clay and
reported by Bishop and Henkel (1962) show an 11% increase
in sU when the strain rate is increased from 0.0083 %/min
(= 0.5%/hour) to 0.5%/min, i.e., about 60 times.
Although comprehensive experimental data on strain-
rate effects are not available, it is generally believed that
an increase in strain rate leads to an increase in undrained
shear resistance of the soil at all strain level (Ladd
et al., 1977). However, results recently obtained by Hight
et at. (1979) show that the effects of strain-rate on the
shearing behavior of a sandy clay can exhibit opposite
trends, depending on the overconsolidation ratio (OCR) of
the material: at low OCR (< 4), the undrained shear
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resistance increases with increasing strain rates whereas,
at high OCR (> 4) the inverse is true. Nevertheless, in the
slightly overconsolidated BBC where the pressuremeter tests
plotted in Fig. 8.4 were conducted, little doubt exists
that an increase in strain-rate causes an increase in the
undrained shear resistance.
The strain rate in the soil during a pressuremeter
test varies inversely with the square of the radial distance
to the cavity axis. Therefore, even if expansion takes place
at a constant rate, the strain-rates in the soil vary signi-
ficantly. A soil element near the cavity wall will typically
be subjected to a strain-rate two orders of magnitude larger
than in CK U triaxial tests (v = 0.5%/hour) but an element
at a radius 10 times larger will be subjected to the same
strain-rate.
Prevost (1976) proposed a simplified formula to
describe the undrained stress-strain-time behavior of clays
under axisymmetric loading conditions. He then showed that
strain rate effects can greatly influence the stress-strain
curve backfigured from the expansion curve of a pressuremeter
test. In particular, even if the clay is strain-hardening,
the stress-strain curve derived from constant strain-rate
pressuremeter tests conducted at conventional testing rates
can exhibit strain-softening behavior because of strain rate
effects.
In summary, strain rate effects complicate the
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interpretation of the expansion curve obtained from undrained
pressuremeter tests. However, in normally consolidated BBC,
they are not believed to have a dominant influence on the
expansion curve (especially the limiting pressure).
4) Overconsolidation of the Clay
Because of availability of laboratory tests re-
sults on normally consolidated BBC, the predictions in Fig.
8.4 are obtained for an overconsolidation ratio (OCR) of
unity. Recent consolidation test results on high quality
samples (Ladd, et al., 1979) indicate that at depths 83.2
and 103.2 feet where the pressuremeter tests in Fig. 8.4 were
conducted, the overconsolidation ratio of the clay is in the
range: OCR = 1.25 - 1.35. Possible causes of overconsolida-
tion in the deep clay include erosion, lowering of water
table elevation, desiccation during clay deposition, or
aging, i.e., quasi-consolidation or precompression as defined
by Leonards and Altschaeffl (1964) and Bjerrum (1967), respec-
tively.
The increase in undrained shear strength due to
overconsolidation can be estimated from results of CKoU
direct simple shear tests on Boston Blue Clay given by Ladd
et al., 1977. At OCR = 1.3, su increases by 25% compared to
OCR = 1.
-251-
8.2.4 Summary and Discussion of Pressuremeter Studies
Bearing in mind that the primary objective of this
chapter is to estimate pore pressures during cone penetration
in Boston Blue Clay (BBC), the pressuremeter studies presented
above were conducted in order to: 1) check the proposed
soil behavior models to be used in analyzing the more com-
plicated problem of cone penetration, and; 2) evaluate the
adequacy of the soil parameters obtained from laboratory
tests on normally consolidated BBC to predict field perfor-
mance.
Results of these studies indicate that:
1) Predictions of cylindrical cavity expansion curves
obtained by the proposed model described in Chapter
6 are fairly close to predictions determined by
Carter et al., (1978) using the Cam-Clay model
(see Fig. 8.3) even though the relevant stress-
strain behavior of the two models differ signifi-
cantly (see upper diagram in Fig. 8.1). This is
due to the compensating effects of the lower moduli
at small strains and the higher strength exhibited
by the Cam-Clay as compared to the proposed model.
2) The proposed models in Chapter 6 and 7 predict much
higher pore pressures during cavity expansion than
the Cam-Clay model (see Fig. 8.3). This dif-
ference is basically due to the shear induced pore
pressure Aus which is underestimated by Carter et
al., (see lower diagram in Fig. 8.1).
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3) The proposed model significantly underpredicts
the self-boring pressuremeter expansion pressures
performed at depths 83.2 and 103.2 ft when the model
parameters are determined from laboratory test
results on resedimented normally consolidated BBC.
Matching of field measurements can be obtained by
approximately doubling the estimated in situ
shearing resistance of the soil (e.g., increasing
su/"vo from 0.264 to 0.549, Fig. 8.4). Consolida-
tion tests on high quality samples indicate that the
clay at that depth is slightly overconsolidated
(OCR = 1.3) which justifies a 25% increase in the
selected strength for field predictions. The re-
maining discrepancy (75% of the estimated strength)
might be explained by:
a) inadequacies of the predictive model based on
laboratory test results on normally consolidated
BBC. These inadequacies can be due to:
- the OCR of the clay is actually higher than
1.3 and hence the in situ strength is higher
than estimated. This would, however, leave
the field vane strengths inexplicably low.
- The in situ clay has a significantly different
behavior from the resedimented BBC used to
determine the model parameters. In particular,
To be used in the analysis of cone penetration.
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the in situ clay has very high peak shear
strength and/or initial stiffness that
affect pressuremeter (and cone penetration)
results but is not detected by the field
vane test. This proposition is supported by
the more sensitive behavior of the in situ clay
(as detected by consolidation tests and sug-
gested by the low salt concentration in the pore
water) but is hard to evaluate or even prove
satisfactorily.
- Strain rate effects which tend to underestimate
the field strength measured by pressuremeter
(or cone penetration) tests performed at
higher rates than laboratory tests.
b) differences between the actual pressuremeter
test and the idealized conditions assumed in theore-
tical analyses. The most significant differences
in the BBC tests shown in Fig. 8.4 are believed to
be:
- the limited length to diameter ratio (L/d =2
in PAFSOR equipment used) which might introduce
important end effects (i.e., deviations from
idealized one dimensional cavity expansion
solutions) and hence increase the measured
expansion pressures.
- Partial drainage associated with local
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consolidation and strengthening of the clay during
expansion.
8.3 -STRAIN PATH PREDICTIONS DURING CONE PENETRATION
The strain path method described in Chapter 4 is now
applied to predict stresses and pore pressures during deep
steady cone penetration in normally consolidated Boston
Blue Clay.
8.3.1 Problem Geometry and Solution Technique
The problem of cone penetration in a cross-anisotropic
material exhibits axial-symmetry about the vertical axis of
the cone. It is, therefore, sufficient to determine solu-
tions (stresses and pore pressures) in a meridional plane;
i.e., any vertical plane containing the vertical axis.
Figure 8.5 illustrates the geometry adopted to solve
the cone penetration problem by means of the strain path
method. Stresses and pore pressures are determined at
selected soil elements (15594 locations) as they move along
streamlines around the cone following the strain paths
described in Chapter 5. Streamlines are identified by their
radial location far ahead of the cone, r . Analyses are per-
formed using 46 streamlines to cover the soil mass between
r = 0.01 R and r = 150 R in the radial direction and,
z = - 200 R and z = 15 R in the vertical direction (R is the
radius of the shaft). Chapter 5 describes the procedures
followed to determine the streamlines and the locations of
soil elements by integrating the assumed velocities. For a
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steady cone penetration velocity V , the time increment, At,
for integration equals 10(R/V ) at z = - 200 R, decreases
with 1/z and, reaches 0.1(R/Vo ) at z 2 - 10 R. Table 8.2
describes the streamlines (r ) and the boundary conditions
used in the analyses.
8.3.2 Deviatoric Stress Paths
Following the strain path imposed by cone penetration
(Chapter 5), the deviatoric stress path of each soil ele-
ment is computed by means of the soil model in Chapter 6.
The deviatoric stress space {S , S 2 , S 3 } described in
Chapter 6 provides a convenient illustration of the type
and degree of shearing to which soil elements are subjected.
Figure 8.6 shows the deviatoric stress path of an element
of normally consolidated BBC initially at a radial distance
r = 25 R from the axis of a 600 cone. For comparison,
the deviatoric stress paths corresponding to the idealized
Direct Simple Shear (DSS) and Pressuremeter (PR) modes of
shearing are also drawn in Fig. 8.6; they are located in the
planes S2 = 0 and, S3 = 0, respectively. Figure 8.6
indicates that cone penetration subjects the soil to a very
complicated mode of shearing which consists of a combination
of Triaxial Compression (along SI - axis), DSS and PR modes.
However, the end point of the deviatoric stress path in
Fig. 8.6 (representing the state of stress of the element
According to the model in Chapter 6.
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far behind the tip) is close to the deviatoric stress path
of the pressuremeter test.
Figures 8.7 and 8.8 show the projections in the
{S , S , S } space of the deviatoric stress paths of1 2 3
two elements, initially located at r = R and r = 25 R,O o
due to penetration of 180 and 600 cones, respectively.
Comparing results in Figs. 8.7 and 8.8 we note that:
a) the deviatoric stress path of a soil element
at some distance from the cone axis (r = 25 R) is
virtually independent of the cone angle, and;
b) an element near the axis (ro = R) is initially
sheared in a triaxial compression mode. Its deviatoric
stress path then follows a trajectory that is signifi-
cantly dependent on the cone angle. However, the final
deviatoric stress state shows little effect of cone
angle.
8.3.3 Extent of Failure
Figure 8.9 presents the predicted contours of the octahe-
dral shear stress , Toct , and the extent of failure during
roct is a good measure of the level of shearing in
soil (see Chapter 6).
A soil element is said to have reached failure when
its associated stress point in the deviatoric stress space
lies on the failure surface, fp (see Chapter 6).
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steady penetration of 180 and 600 cones in normally consoli-
dated BBC. For comparison, predictions during expansion of
a cylindrical cavity (from zero radius) using the same
soil model are also shown at the top of Fig. 8.9. The
cavity expansion solution is extensively used to study the
shaft resistance of piles (e.g. Esrig et al., 1977) and
corresponds to the limiting stresses at very large expansion
levels in a pressuremeter test under idealized conditions.
Figure 8.9 shows that:
1) cone penetration causes shearing over a much
larger volume of soil than cavity expansion in spite of
the strong similarities between the strain path of
soil elements in the two problems (see Figs. 5.9 and
5.10);
2) the size of the failure zone behind the cone is
relatively independent of the cone angle and is signi-
ficantly larger than predicted by cavity expansion
(6.5 R compared to 3.4 R);
3) the strain softening behavior incorporated in the
soil model causes a) the boundary of the failure zone
(represented by the dotted line) to pass through points
where Toct contours change sharply in direction and,
b) the peak values of Toc t are located at some distance
Appendix G presents detailed predictions of stresses
and pore pressures around a cylindrical cavity in normally
consolidated BBC.
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from the cone or the shaft behind it, and;
4) the extent of failure ahead of the blunt cone tip
(where the soil is subjected to a triaxial compression
mode of shearing) is larger than ahead of the sharp
tip (7.1 R vs. 4.8 R). However, the results of 18*
and 600 cones exhibit strong similarities outside the
failure zone, especially if the origin of z-coor-
dinate is located at mid-height of the cone instead
of the tip.
This is illustrated by Fig. 8.10 showing the contours
of the shear stress Trz obtained for 180 and 600 cone
angles. The dashed line represents the contours of
Yoct = 2% and approximately defines two zones: an inner
zone where soil elements are subjected to intense shearing
and an outer zone where shearing is more moderate. We
note in Fig. 8.10 that: a) outside the dashed line,
the cone angle has little effect on the results; b) ahead
of the cone, negative** shearing takes place because
soil elements near the axis (small r) are pushed down-
wards with respect to the outer elements (large r). On the
other hand, behind the cone tip, shearing is reversed be-
cause conservation of volume requires elements near the
Yoct = (- e ) 2 +  - E ) + (z - ) 6E 
2
oct 3 sign convention in Fig. 8.10.rz
See sign convention in Fig. 8.10.
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cone to be pushed upwards with respect to the outer
elements, and; c) the shear stress Trz vanishes behind the
cone. This is a reminder that the strain rates used in
determining the deviatoric stresses correspond to an
ideal fluid for which Yrz vanishes along the shaft
(frictionless boundary).
8.3.4 Isotropic (Octahedral) Total Stresses
The deviatoric stresses presented above were directly
obtained by means of the deviatoric soil model described
in Chapter 6 for the estimated strain paths corresponding
to an ideal fluid (Chapter 5). Since the soil treated
herein is incompressible, octahedral (isotropic) stresses,
a ct' cannot be estimated from soil behavior models but
must be determined from equilibrium considerations. Values
of aoct are necessary to estimate the pore pressures during
cone penetration.
In the axisymmetric cone penetration problems, equi-
librium in the radial (r) and vertical (z) directions can
be written in the form (see Appendix B):
ao as as z s -soct r rz r -r = f (r,z); f (r,z) r (8. .a)
r r r ar -z r
3O as as soct rz z rz
- f (r,z); f (r,z) = - (8.1.b)3z z z ar 3z r
The functions f (r,z) and f (r,z) are known once ther z
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deviatoric stresses are determined. Hence, integration of
Eq. 8.l.a (or Eq. 8.l.b) satisfies equilibrium in the
r-direction (or z-direction) and aoct can be determined for
every soil element. However, the Value of aoct depends
on the integration path unless
- {f (r,z))} - - f (r,z)} (8.2)8z f Dr z
This condition can only be satisfied if the strain paths
are compatible with the model used to determine the
deviatoric stresses; i.e., the strains are determined
from "exact" solutions (given a soil model) rather than the
approximate strains corresponding to an ideal fluid.
a) Influence of Integration Path
In order to assess the effect of integration paths on
a oct and thus evaluate the approximations caused by the
simplified strain paths, the equilibrium equations were in-
tegrated along two paths described in detail in Appendix F.
These paths are believed to provide reasonable bounds on
aoct
. 
In the first path, integration is carried out along
isochronic lines which are predominantly horizontal (i.e.,
close to the r-direction). In the second path, integration
is carried out along streamlines which are predominantly
vertical (i.e., close to the z-direction).
Isochronic lines are the (initially) horizontal lines
after deformation caused by cone penetration (see Figs.
5.3 and 5.4).
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Figures 8.11 and 8.12 show the octahedral (isotropic)
stresses, aoct' obtained by means of the two integration
paths for different soil elements (initially located at
various radii, r /R, from the axis) due to penetration by
180 and 600 cones, respectively. Results in Figs. 8.11
and 8.12 indicate that:
1) The two integration paths give the same general
trends at most locations ahead of the cone base
(or z < -5R,say). In this zone, streamline integra-
tion (dotted lines) overpredicts (ac t - Uo )/-vo by 15
to 60% for the sharp 180 cone and 15 to 35% for the
blunt 600 cone;
2) behind the cone base (or z > 5R, say), stream-
line integration predicts unrealistic drops in a ct
at some radii (ro = 0.1R and rO = 5R in Figs. 8.11
and 8.12), and;
3) using the same integration path, the cone angle
has little effect on a oct in the soil located at some
distance from the cone (r0 > 5R, say), provided the
origin of coordinates in taken at midheight of the
two cones.
b) Choice of an Integration Path
The results in Figs. 8.11 and 8.12 clearly show that
the approximations in the strain path method lead to de-
viatoric stresses that, upon integration, yield an isotro-
pic stress field significantly dependent upon the
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integration path. It is thus appropriate to identify the
deviatoric stress mostly responsible for the path dependency
of integration and, select an integration path minimizing
its effects.
The shearing strains corresponding to an ideal fluid
(and used in these predictions) are believed to generally
overestimate the shear strains, Yrz' during cone penetra-
tion in clay. This is because of the lack of shearing
resistance in a perfect fluid. Furthermore, in the devia-
toric model, the predicted variations in shearing stresses,
Trz, are controlled by the variations in Yrz (or, more
precisely in yrz) and can, therefore, be unrealistic.
This can be seen by the contours of Trz in Fig. 8.10.
Consequently, the meridional shear stresses, T (especially
behind the cone base),are believed to be the main cause
for the integration path dependency observed in Figs. 8.11
and 8.12.
Furthermore, an examination of the equilibrium equa-
tions (Eqs. 8.l.a and 8.1.b) and Fig. 8.10 indicates that:
a) when integration is conducted along isochronic
lines little variation in the z-coordinate takes
place (except at small distances from the cone axis),
as
rz
rz is generally small (except in the immediate
vicinity of the tip) and hence the effect of
Trz(= Srz) on the octahedral stresses, aoct' is small
and;
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b) when integration is conducted along streamlines,
a oct is dominated by Trz because (1) streamlines are
nearly vertical and hence a ct is determined (except
at elevations close to that of the tip), principally
by f , Eq. 8.l.b and (2), the function f depends on both
as rz
s and rz that, according to Fig. 8.10, can be large.
rz ar
In summary, predictions of the meridional shear
stresses, Trz based on strains corresponding to an ideal
fluid can involve significant errors and are believed to
be the main cause for the path dependency of the octahedral
normal total stress, aoc t . However, when integration is
carried out along isochronic lines (which are predominantly
horizontal) the effect of Trz on a oct is minimized and hence
more reliable estimates of a are obtained.
oct
Accordingly, predictions of total stresses and pore
pressures presented subsequently are determined by means
of isochronic integration.
8.3.5 Total Stresses
Based on the isochronic integration path, the predicted
contours of radial and vertical total stresses, ar and
az, during steady cone penetration in normally consolidated
BBC are given in Figs. 8.13 and 8.14, respectively. The
dashed line represents the contour of y = 2%. For com-Oct
parison, the results obtained for the expansion of a cylin-
drical cavity (from zero radius) using the same soil model
are shown in the upper diagrams. Figures 8.13 and 8.14
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indicate that:
1) outside the dashed line, which has a typical
size of 4.5R, the cone angle has little effect on the
results. In this outer zone; (a) soil elements lo-
cated near the axis ahead of the cone are subjected
to an increase in both o z and or (with A z > Aar)
following a triaxial compression mode of shearing
(AGr = AGO), and; (b) far behind the cone, a steady
condition is approached where or and oz are slightly
higher than predicted by the cavity expansion solution;
2) inside the dashed line the effect of cone angle
is more pronounced. In this inner zone: (a) soil
elements located close to the 600 cone face are sub-
jected to higher values of a and a than the 180
r z
cone, and; b) far behind the cone base and near the
shaft, a and a are smaller than predicted by cavity
r z
expansion.
The variations in total stresses, or , e and a z along a
streamline initially located at a radial distance ro = 0.01R
(i.e., practically on the centerline), are shown in Figs.
8.15 and 8.16 for 180 and 600 cones, respectively. In the
outer zone, the effect of cone angle is negligible but a
significant gradual increase in all three stresses takes
place as the cone is approached. In the inner zone, the
stresses go through three distinct phases:
1) Ahead of the tip, stresses increase sharply but
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remain in the same order, a z > a r = ae
2) Along the cone face, the stresses are more or
less uniform and: (a) change their relative order to
become r > a > a as predicted by cavity expansion;
(b) the difference between the stresses is small, i.e.,
the state of stress is close to isotropic with little
deviatoric component and; (c) the magnitude of the
stresses is higher than predicted by cavity expan-
sion; and depends on the cone angle; stresses are
higher for the blunt (600) than for the sharp (180)
cone.
3) Behind the cone base, the stresses decrease
sharply with a distance of 5R and reverse their rela-
tive order to become az > a > r r A steady state
appears to be approached 10 to 15R behind the cone
base where the stresses are less than those predicted
for the expansion of a cylindrical cavity.
The dashed lines (curves d) in Figs. 8.15 and 8.16
represent the variation of the octahedral shear stress,
Toct, for a soil element near the axis. As the cone tip
is approached, the shearing strains become very large and
the shearing resistance of the soil drops sharply to its
residual strength (i.e., minimum strength) at about 0.5R
ahead of the cone tip.
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8.3.6 Pore Pressures
The pore pressures generated in the clay due to steady
cone penetration, Au,are the sum of two components:
(a) the increase in octahedral normal total stress, Aaoct'
and; (b) the shear induced pore pressure, Au
Figure 8.17 presents the predicted contours of Aus
for steady penetration of 180 and 600 cones based on the
model in Chapter 7. These contours show that:
1) Aus is relatively small (compared to the changes
in isotropic stress Aa ct), and;
2) behind the cone base, predictions of Aus are
very close to cylindrical cavity- solutions (upper
diagram in Fig. 8.17) even at small distances from the
shaft. The cone angle has some effect on Aus in the
immediate vicinity of the shaft (about 2 radii).
Figure 8.18 shows the predicted contours of the
excess pore pressure, Au (= Au + a ct) during steady
penetration of 180 and 600 cones in normally consolidated
BBC. The results in Fig. 8.18 show that:
1) The excess pore pressures, Au, are significant
even at large distances from the cone.
2) In the outer zone (Yoct < 2%), we note that:
a) the cone angle has little effect on Au, and;
b) far behind the cone base, Au is higher than
predicted by the cavity expansion solution.
3) In the inner zone (Yoct > 2%) we note that:
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a) in the vicinity of the cone face, the con-
tours are nearly spherical (especially for
the 600 cone) and are affected by the cone
angle. The 600 cone gives higher values of
Au (Au/avo slightly higher than 2), and;
b) behind the cone base, Au decreases sharply
and reaches values that are not strongly af-
fected by the cone angle and are lower than
predicted by cavity expansion.
8.3.7 Effective Stresses and Hydraulic Fracturing
Hydrofracture takes place in a soil when the pore
pressures become large enough to cause negative effective
stresses. Cracking can then take place and hence increase
the effective permeability of the soil. Hydrofracture due
to cone penetration must therefore be considered if the
pore pressure decay (after penetration stops) is to be used
in estimating the consolidation properties of the soil.
The effective stresses, ij in any soil element can
be written as:
i = a0 . + A. . - Au 6. (8.3)ij 13 1] i3
Using Eq. 8.3 requires separate estimates of Aaij and Au
which are relatively large compared to a... Small
errors in these quantities can lead to negative effective
stresses and thus predict that hydrofracture takes place
(see Appendix A). However, Eq. 8.3 can also be written as:
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ij = . + As.. - Au 6. (8.4)13 s 13
in which
Asij = Aij 
- Act 6 ij
This equation avoids the aforementioned problem and
in fact predicts the effective stresses during cone penetra-
tion without requiring the determination of aoct (which
depends on the integration path; see Section 8.3.4).
The predicted contours of radial and circumferential
effective stresses, or and ae are presented in Figs. 8.19
and 8.20, respectively. We note in these figures that r
r
and ae remain positive everywhere in the field. The radial
effective stress, ar , is, however, greatly reduced along
the cone shaft. This implies that measurements of pore
pressures and lateral stresses along the shaft of driven
pile whould yield very close values. On the other hand,
the circumferential effective stresses, ae , vary very
little (0.25 < ao < 0. 50 a in most of the field,vo e vo
Fig. 8.20).
In order to investigate hydrofracture, it is necessary
to evaluate the minor principal effective stress, a ,
3
in the soil. Results indicate that a reaches a minimum
3
value of 0.15 and 0.12 a along the shaft and at approxi-
mately 8R behind the base of 180 and 600 cones, respectively.
This means that the strain path method predicts (with a sub-
stantial safety margin) no hydrofracture during cone pene-
tration (or pile driving) in normally consolidated BBC.
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8.4 COMPARISON WITH FIELD MEASUREMENTS
In this section, the predicted normalized excess pore
pressures to be used subsequently in consolidation studies
are checked by means of field measurements. In addition,
predictions of cone resistance, q and pore pressures, u,
are compared to in situ test results obtained in a deep
deposit of BBC.
8.4.1 Field Measurements
Chapter 2 describes the soil deposit at the site of
the 1-95 embankment located in Saugus, Massachusetts.
Figure 8.21 shows the soil profile determined by conven-
tional laboratory tests. The clay between depths 25 and
75 ft is clearly overconsolidated with an OCR decreasing
from 7 to 1.4. Below 75 ft the clay is reasonably uniform
with an OCR = 1.3 + 0.1.
Figure 8.22 shows the undrained shear strength of the
clay obtained by different methods. Because of sample
disturbance, results of unconfined (U) and unconsolidated-
undrained (UU) tests exhibit significant scatter
(Su= 0.4 + 0.2 kg/cm 2), without a clear trend with depth.
The peak SHANSEP strengths are based on results of labora-
tory tests on resedimented BBC and on the OCR profile in
Fig. 8.21. The field strength for embankment stability
was backfigured from an induced embankment failure ex-
tending to a depth of 75 ft using the SHANSEP profiles
(Azzouz and Baligh, 1978). The field vane strength from
four holes exhibits less scatter and shows a variation
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with depth which is consistent with the OCR profile (and
hence the SHANSEP strengths and the field strength pro-
files).
Baligh et al. (1978) present extensive cone penetra-
tion results at the same site,including qc and u measure-
ments for cones with different geometries. Figure 8.23
shows typical profiles of qc for a 600 cone and u at the
tip of an 18* cone. This figure combines the results
of 3 tests for both qc and u and illustrates the good
repeatability of the measurements. Figures 8.24 and 8.25
present the penetration pore pressures obtained at dif-
ferent locations along 180 and 600 cones, respectively,
after eliminating the scatter in the results caused by the
natural variability of the soil.
Figure 8.26 compares penetration pore pressures mea-
sured on the shaft behind an 180 cone with those mea-
sured behind enlarged 180 and 600 cones. Results in Fig.
8.26 indicate that:
1) after a distance of about 5 diameters behind the
cone base, the pore pressures on the shaft of the re-
gular (unenlarged) 180 cone appear to reach a constant
value (U)sh, Fig. 8.26.a;
2) the pore pressures behind the enlarged 180 cone,
Fig. 8.26.b, are practically equal to (u)sh below a
depth of 60 ft and slightly less in the upper stiff
deposit, and;
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3) the pore pressures behind the enlarged 600 cone,
Fig. 8.26.c, are slightly higher than the enlarged 180
cone and closer to (u)sh.
8.4.2 Normalized Excess Pore Pressure Distributions
The primary objective of this chapter is to estimate
pore pressures in the soil during cone penetration as they
represent the initial conditions for the consolidation that
takes place after penetration stops. The linear consolida-
tion analyses performed subsequently require estimates
of the relative (or normalized) distribution of excess
pore pressure, Au(= u - Uo), in the soil rather than the
absolute values of Au which are more difficult to predict.
This section compares the predicted and measured excess
pore pressure fields in the soil when normalized with res-
pect to the excess pore pressure on the shaft, (Au)sh' at
a sufficiently large distance behind the cone
[(Au)sh = (u)sh - uo ].
Figure 8.26a presents measured values of (u)sh behind
an unenlarged 180 cone. Unfortunately, similar measure-
ments behind a 600 cone are not available. However,
Figs. 8.26b and c strongly suggest that (u)sh is not very
sensitive to the cone angle. Therefore, in order to
normalize experimental results, (u)sh behind the 600 cones
were assumed to be the same as the 180 cone in Fig. 8.26a.
This assumption tends to underestimate (u)sh behind 600 cones.
The solid lines in Fig. 8.27 show predictions of
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Au/(Au)sh in a soil element initially located very close
to the axis of 180 and 600 cones according to the strain
path method and based on properties of resedimented normally
consolidated BBC (OCR = 1). Values of Au are the same as
in Fig. 8.18 and the excess pore pressure on the shaft,
(Au)sh is taken as the predicted value of Au at a distance
14R behind the cone tips. Figure 8.27 also shows the mea-
sured values of Au/(Au)sh at the Saugus site obtained at
depths 45 ± 5, 60 ± 5 and 85 + 5 ft which correspond to
approximate overconsolidation ratios OCR = 3 + 0.4,
2 + 0.3 and 1.3 + 0.1, respectively. Values of Au are
directly obtained from the results in Figs. 8.24 and 8.25.
The uncertainty band of experimental results represents
the range of Au/(Au)sh within a 10 ft layer centered at the
required depth after neglecting "small scale" variability
in Au and (Au)sh. A more accurate band of uncertainty in
Au/(Au)sh should include all the scatter in Au and (Au)sh
due to inherent soil variability. Figure 8.23 presents the
scatter in u due to soil variability when the porous
stone is located at the tip of an 180 probe. If included
in Fig. 8.27, this scatter would be represented by a band
in the Au/(Au)sh plot equal to + 0.31, 0.25 and 0.18,
about the same mean, at depths 45, 60 and 85 ft, respec-
tively.
Assuming that (Au)s h has no scatter.
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Figure 8.27 indicates that:
1) the measured values of the normalized excess pore
pressure Au/(Au)sh vary very slightly with overcon-
solidation ratio (1.3 < OCR < 3) , and;
2) the predicted distributions of Au/(Au)sh based
on properties of resedimented normally consolidated
BBC (OCR = 1) are very close to the measurements. This
important result means that consolidation analyses
based on the predicted distributions of Au/(Au)sh can
be used to interpret dissipation records obtained in
the BBC deposit at Saugus, Mass., below a depth of
45 ft (OCR < 3).
Attempts to extend this result to the upper stiff
deposit above a depth of 40 ft was not successful because
of the large scatter in measurements of u (due to inherent
soil variability, see Fig. 8.23) as compared to the small
average values of u in this layer. When Au (= u - u )
and (Au)sh are small, scatter makes the measured values of
Au/(Au)sh quite unreliable.
In order to check the predicted penetration pore pres-
sures at some distance from the cone, measurements of u in the
soil around the cone are required. Such measurements
are very difficult to obtain in situ because of: a) the
interference between the measuring device and soil deforma-
tions, and; b) the uncertainties in alignments which can
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introduce significant errors in the estimated radial dis-
tances. Attempts to perform such measurements in BBC by
means of two piezometers were unsuccessful, Chapter 2.
Therefore, using the analogy between cone penetration and
pile installation, predictions of Au/(Au)sh in the soil are
compared with measurements conducted around a cylindrical
pile (21.9 cm in diameter) jacked into Champlain Clay
(Roy et al., 1979).
The measurements are quite consistent and reliable
and, because of the small size of the piezometers (Geonor
M- 600) compared to the pile, are hopefully less sensitive
to the errors mentioned above (piezometer-soil interaction
and alignment). Furthermore, the excess pore pressure.
measured along the shaft of the pile (Au)sh = 2avo is very
close to that measured in BBC behind piezometers
(= 2.1 avoe see Fig. 8.26).
Figure 8.28 compares the predicted radial distribu-
tion of excess pore pressure at a sufficiently large dis-
tance (r =14R) behind 180 and 600 cones during penetration
in normally consolidated BBC to measurements in Champlain
Clay. Results in Fig. 8.28 show that:
1) the predicted radial distributions of pore pres-
sures behind 180 and 600 are almost identical;
2) the agreement between predictions and measurements
is remarkable, in view of (a) the approximations in the
the pile diameter is about 6.5 times that of the
piezometer.
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strain path method, (b) the uncertainties in the field
measurements (in particular at small radii) and especially,
(c) the difference in behavior between BBC (OCR = 1) used
for predictions and the Champlain Clay (OCR = 2) where
measurements are made.
Results in Fig. 8.28 are very encouraging since they
suggest that the normalized excess pore pressure distribu-
tion during pile driving is not very sensitive to soil
type or stress history (OCR). This is further supported by
the results in Fig. 2.8 showing that measurements in Cham-
plain Clay are not unique but are similar to other clays
of different types and stress histories.
Results in Appendix G indicate that, at some distance
from the axis, the pore pressures are governed by the
shear modulus of the soil at low strain levels. The latter
apparently is not very sensitive to OCR as compared to other
factors e.g, soil structure; aging, ...etc.
In summary, the two-dimensional (axisymmetric) nor-
malized excess pore pressure distribution around cones
(or piles) predicted by the strain path method compares
very well with field measurements (a) at different loca-
tions along the cone for a wide range of overconsolidation
ratios (1.3 < OCR < 3) and (b) in the radial direction far
behind the tip. These distributions appear, therefore, suf-
ficiently accurate to perform dissipation analyses which
will hopefully be applicable for a wide variety of clays
with OCR < 3.
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8.4.3 Cone Resistance and Pore Pressures
a) Cone Resistance
The cone resistance, qc is the force per unit area
required to push the cone and is related to the total
stresses (tractions) acting on the cone face by the expres-
sion:
q= 2 (St cos 6 + sn sin 6) dA (8.5)
A
where sn and st are the normal and tangential components
of the surface traction vector on the cone face; 26 is
the cone angle; A is the surface area of the cone
(A = R R2/sin 6) and; R is the radius of the cone base
(and of the shaft).
In the strain path solutions presented earlier, the
strain rates were determined assuming the soil to behave
as an ideal fluid with no shearing resistance. This,
together with the soil model (described in Chapter 6)
obeying the normality rule of plasticity, leads to negli-
gible values of st on the cone face. Therefore, predic-
tions of qc obtained by integrating the total stresses
derived from the strain path method represent "smooth"
cone solutions. In order to introduce the effects of shear
stresses on the cone face and predict qc for "rough" cones,
and along the shaft behind; see Fig. 8.10.
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we note that when the surface tractions st and sn are
uniform on the cone face and equal to T and a, respec-
tively, Eq. 8.5 becomes:
q + a (8.6)
tan 6
and hence the shearing stresses on the cone face in-
creases the cone resistance by T/tan 6. Predictions of
qc for "smooth" and "rough" cones can, therefore, be es-
timated as follows:
1. Smooth cone:
Integrate the total normal stress on the cone
face obtained from the strain path solutions
(see Figs. 8.13 and 8.14).
2. Rough cone:
(9c)rough = (qc)smooth + (8.7)tan 6
where T = average shear stress acting on the
cone face
residual undrained shear strength
of the soil
= 0.15 a for the model in Chapter 6.
vo
Rigorously speaking, the predicted stress fields
apply to normally consolidated resedimented Boston Blue
Clay (Table 6.1) and hence qc (and u) can only be estimated
for this type of clay. Unfortunately, the BBC at the
Saugus site, Fig. 8.21, is nowhere normally consolidated.
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Between depths 26 and 76 ft, the OCR decreases from 7 to
1.3 and below 76 ft OCR = 1.3. Consequently, compari-
sons with measurements at the Saugus site require extra-
polation of qc (and u) predictions to different values
of OCR. An approximate method is described below.
Using the classical bearing capacity expression for
deep foundations (Terzaghi, 1943; Skempton, 1951) we write
the cone resistance:
q = N s O+ (8.8)
Noting that a O= + u0 and setting a = s u/ , Eq. 8.8VO vo u vo
becomes:
q -u
c aN + 1 (8.9)
-• c
ovo
Table 8.3 presents values of a obtained from labora-
tory tests on resedimented normally consolidated BBC and
indicates that, depending on the mode of consolidation
and undrained shearing, aNC can vary between 0.155 and
0.34. This illustrates the difficulty of defining and
estimating a cone factor Nc , Eq. 8.9. However, the exis-
tence of an N factor which is independent of the overcon-
c
solidation of the clay allows interesting extrapolations
If N is significantly dependent on OCR, the use-
fulness ofCEq. 8.8 becomes highly questionable.
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to various OCR to be made. Assuming Nc to be independent
of OCR, Eq. 8.9 enables estimates of the normalized cone
9c - u
resistance in the overconsolidated clays ( _ ) to
q - u Vo OC
be made from the predicted values ( )
a vo NC
q - u aOC qc -u u( ) [( - 11 + 1 (8.10)
a vo OC NC a vo NC
Table 8.3 presents values of a OC/NC for BBC at different
OCR's. For OCR < 4 the effect of the mode of shearing on
aOC/aNC is not very significant and values are close to
the approximate expression proposed by Ladd et al., (1977)
based on results of direct simple shear tests on clays
oOC - (OCR)o. 8  (8.11)
CNC
Using the ratios aOC/OaNC obtained from direct simple
shear tests as a reasonable average for different modes of
shearing, Table 8. 4 presents predictions of (qc - u )/avo
for "smooth" and "rough" cones (26 = 180 and 600) at dif-
ferent OCR (= 1, 1.3, 2, and 3) according to Eqs. 8.7 and
8.10. Figure 8.29 compares predictions with the estimated
Baligh and Vivatrat (1979) show that the variation of
Nc for a 600 cone between depths 40 and 100 ft (OCR = 3.5
tO 1.3) at the Saugus site using the "field" strength is
relatively small (N = 10 + 2). The "field" strength is
backfigured from an embankment failure together with the
SHANSEP strength profile.
**
As compared to its effect on aNC' say.
Including BBC.
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range of measured values reported by Baligh et al. (1978).
The estimated ranges (dashed areas in Fig. 8.29) are
obtained by drawing the envelopes representing the
average ± one standard deviation of the measured values
for 180, 30° and 600 cones over a 10 ft layer. Results in
Fig. 8.29 indicate that:
1) the "smooth" cone solutions give reasonable
estimates of qc for the 600 cone but are too low for
the 180 cone. More importantly, "smooth cone" pre-
dictions contradict measurement trends regarding the
effect of cone angle, and;
2) the "rough" cone solutions give reasonable
estimates of qc for 180 and 600 cones at low OCR
but underpredict qc (180) and overpredict qc(600)
at OCR = 3 + 0.4. This suggests that "rough" cone
solutions are more realistic and that extrapolations
to high OCR's is not possible.
The predicted resistance of 180 and 600 "rough" cones
is plotted versus depth in Fig. 8.29. This figure pro-
vides a better assessment of predictions by showing the
scatter in measurement. The overall agreement
Due to scatter caused by inherent soil variability.
Most probably due to the assumptions that Nc is
independent of OCR and/or that friction on the cone face
is also independent of OCR.
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between predictions and measurements is good. In particu-
lar, predicted and measured values are virtually iden-
tical at depths 70 +_ 10 and 115 + 10 feet. The changes
in [q c(180) - q c(600)] below a depth of 76 feet, where the
clay is generally classified as "uniform" (OCR = 1.3 + 0.1),
illustrate the sensitivity of qc to local soil variations
which cannot be accounted for by predictions.
b) Pore pressures
Section 8.4.2 shows that the distribution of the
normalized pore pressures, Au/(Au)sh along the cone and
the shaft behind it are well predicted by the strain path
solutions (Fig. 8.27). It is therefore, sufficient to
compare predicted and measured excess pore pressure along
the shaft, (Au) sh
Solutions obtained for resedimented normally consoli-
dated BBC (OCR = 1) yield (Au) sh vo = 1.0 + 0.05 for both
180 and 600 cones. On the other hand, field measurements
in the soft-- clay (below denth 76', OCR = 1.3 + ) give
(Au) h/ = 2.0 + 0.1 i.e., about 100% higher than pre-
dicted. Interestingly, pressuremeter results discussed
earlier (Sec. 8.2.4) were also underpredicted by the same
soil model by roughly the same degree. Had the in situ
OCR of the clay been used (OCR = 1.3), prediction of Aush
Or at any other location on the cone.
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would increase by about 25%. The remaining discrepancy
can be due to: 1) the difference in behavior between re-
sedimented BBC and the in situ clay. This includes the
shear strength but, more likely, the undrained stiffness
especially at low strains and 2) strain rate effects dis-
cussed earlier in Sec. 8.2.3. However, it is important to
note that changes in soil parameters to improve predictions
of pore pressures will increase the predicted cone resis-
tance, qc, and hence upset the good predictions in Figs.
8.29 and 8.30, by overpredicting qc in the soft deposit
below 75 ft (OCR = 1.3), especially for the 600 cone.
A more complete analysis of pore pressures during
penetration in the stiff upper deposit (OCR > 2) is ex-
pected to encounter less difficulty in simultaneously pre-
dicting cone resistance and pore pressure measurements.
In this upper deposit, the pore pressures are not as
high compared to the cone resistance [see u(tip) in
Figs. 8.25 and qa in Fig. 8.23 for 600 cones].
8.5 SUMMARY AND CONCLUSIONS
This chapter consists of 3 parts:
In Part 1 pressuremeter studies are conducted to
check the soil behavior models (Chapters 6 and 7) and the
adequacy of soil parameters estimated from laboratory tests
on resedimented BBC. The predicted expansion curves are
close to Cam-Clay results (determined by others for BBC)
even though the stress-strain curves of the two models
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differ significantly. This is due to the compensating
effects of the shear modulus at low strains and the shear
strength of the clay.
Comparison of the predicted expansion curves with
pressuremeter tests results in the soft BBC (depths 83.2
and 103.2 ft at the Saugus site) show that matching of
field measurements requires doubling of the estimated
shear resistance of the soil. Part of this discrepancy
(about 25%) is due to overconsolidation of the in situ
clay (OCR = 1.3) neglected in predictions. The remaining
discrepancy (75%) can be due to: 1) simplifications made in
theoretical analyses and/or the formulation of the soil
model (e.g., end effects,partial drainage, strain rate
effects,...etc.) and/or;2) inadequacies in soil model para-
meters as described by the shear strength and/or shear
modulus at small strain levels. The latter is very dif-
ficult to estimate reliably from conventional laboratory
tests and is believed to represent a major reason for
underpredicting field measurements (see also Appendix G).
In Part 2 of this chapter, the same soil model, with
appropriate parameters for normally consolidated BBC, is
incorporated in the strain path method (Chapter 4) to pre-
dict the normalized excess pore pressures in the soil
during deep steady penetration of 180 and 600 cones.
These predictions are necessary for the consolidation
studies performed subsequently. In spite of uncertainties
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resulting from the simplified nature of strain path
analyses, comparisons of predictions with extensive field
measurements of pore pressures at different locations on
the cone and the shaft behind it shows excellent agreement
for both the 180 and 600 cones and, surprisingly, in the
overconsolidated BBC as well (OCR<3). Further comparisons
with pore pressure measurements obtained by others in the
soil surrounding a jacked pile in Champlain Clay also
show surprisingly close agreement. Since the measure-
ments in Champlain Clay exhibit strong similarities with
other clays (see Fig. 2.8), this suggests that predictions
of the normalized excess pore pressure distribution in the
soil is not very sensitive to the clay type or its overcon-
solidation ratio (for OCR < 3). This hypothesis is impor-
tant because, if true, it enables valuable generalizations
to be made. In particular, results of consolidation
analyses to be performed subsequently (on the basis of this
normalized excess pore pressure distribution) can be applied
to a wide variety of clay deposits to estimate their co-
efficient of consolidation.
In Part 3 of this chapter predictions of cone resis-
tance, qc, and penetration pore pressures, u, based on the
same solutions in Part 2 are compared with field measure-
ments in BBC. Good agreement of qc is achieved for 180
and 600 cones for OCR < 3 provided that the overconsolida-
tion of the clay and the friction at the cone-soil
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interface are accounted for. On the other hand, predic-
tions of u are significantly underestimated in the soft
BBC deposit below 75 ft (OCR = 1.3) as in the case of the
pressuremeter test data obtained in this clay.
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Figure 8.1
RADIAL STRAIN Er ,%
Comparison of predicted stress-strain curves for CKoU
undrained expansion of a cylindrical cavity in normally
consolidated Boston Blue Clay.
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Figure 8.2 Prediction of stress and pore pressure distributions at
different levels of expansion during a pressuremeter test
in normally consolidated Boston Blue Clay.
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Figure 8.3 Comparison of predicted pressuremeter expansion curves
in normally consolidated Boston Blue Clay.
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r. (SEE VALUES IN TABLE 8.2)
Figure 8.5 Solution to cone penetration in clay: problem geometry.
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Figure 8.7 Predicted deviatoric stress paths along two streamlines during
steady penetration of an 180 cone in normally consolidated
Boston Blue Clay.
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Figure 8.8 Predicted deviatoric stress paths along two streamlines during
steady penetration of a 600 cone in normally consolidated
Boston Blue Clay.
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Figure 8.9 Predicted contours of normalized octahedral shear stress, Toct'
and extent of failure during steady cone penetration in
normally consolidated Boston Blue Clay (180 and 600 tips).
-299-
-0.05
-0.2
Trz <0Trz <0
Trz
-(v-
Figure 8.10 Predicted contours of normalized shear stress, T , during
steady cone penetration in normally consolidated Boston
Blue Clay (180 and 600 tips).
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Figure 8.11 Comparison between two methods of integration (180 cone).
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Figure 8.12 Comparison between two methods of integration (600 cone).
-302-
CYLINDRICAL
CAVITY
EXPANSION
1.2 1.4 1.6 1,8 201 12.0 1.8 I6 1.4 1,2
l I ,LI L ji _ j
Figure 8.13 Predicted contours of normalized radial total stress, a ,
during steady cone penetration in normally consolidatedr
Boston Blue Clay (180 and 600 tips).
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Figure 8.14 Predicted contours of normalized vertical total stress, a ,
during steady cone penetration in normally consolidated
Boston Blue Clay (180 and 600 tips).
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Figure 8.15 Total stress variation along the streamline initially
located at the centerline (180 tip).
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Figure 8.16 Total stress variation along the streamline initially
located at the centerline (600 tip).
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Figure 8.17 Predicted contours of normalized shear induced pore pressure,
au , during steady cone penetration in normally consolidated
Boston Blue Clay (180 and 600 tips).
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Figure 8.18 Predicted contours of normalized excess pore pressure, Au,
during steady cone penetration in normally consolidated
Boston Blue Clay (180 and 600 tips).
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Figure 8.19 Predicted contours of normalized radial effective stress,
Sr , during steady cone penetration in normally consolidated
Boston Blue Clay (180 and 600 tips).
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Figure 8.20 Predicted contours of normalized circumferential effective
stress, a , during steady cone penetration in normally
consolida ed Boston Blue Clay (180 and 600 tips).
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Figure 8.24 Penetration pore pressures at different locations on an
180 conical tip (from Baligh et al., 1978).
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Figure 8.25 Penetration pore pressures at different locations on a
600 conical tip (from Baligh et al., 1978).
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in Boston Blue Clay.
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CHAPTER 9
PORE PRESSURE DISSIPATION: BACKGROUND
Deep steady penetration of cones and piezometer probes
generates excess pore pressures in the soil. When penetra-
tion is interrupted, excess pore pressures dissipate with
time and the rate of dissipation is controlled by their
initial distribution and the consolidation properties of
the soil.
In this chapter, the practical applications of dissipa-
tion studies conducted subsequently are outlined, the
difficulties encountered in interpreting dissipation records
are reviewed and the relative importances of the factors
influencing the pore pressure dissipation around conical
probes are discussed.
It should be noted that the following discussions and
analyses are restricted to the "primary" soil consolida-
tion, i.e., undrained and drained creep effects are ne-
glected. This simplifying assumption is commonly used
in practice and discussed by Ladd et al., 1977.
9.1 PRACTICAL APPLICATIONS OF DISSIPATION STUDIES
Geotechnical problems are generally divided into three
major categories: (a) stability (slope stability and
bearing capacity); (b) deformation, and; (c) flow
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problems. Solution to these problems almost always re-
quires knowledge of consolidation and/or permeability pro-
perties of the soil deposit at hand.
The current practice for evaluating the coefficient
of consolidation (or permeability) of a soil consists of
(a) obtaining undisturbed samples and conducting oedo-
meter (or permeability) tests in the laboratory, or (b)
performing and interpreting large scale loading (or
pumping) in situ tests. Laboratory tests are expensive
and time consuming. More importantly, they provide infor-
mation at discrete locations only and thus reflect the
local rather than global properties of a soil deposit.
Furthermore, predictions based on values of the vertical
coefficient of consolidation, cv , measured in the laboratory
generally underpredict the rate of consolidation observed
on full scale structures (Bishop and Al-Dhahir, 1969). On
the other hand, large scale field loading tests are seldom
available before construction and Drovide the overall con-
solidation behavior of the soil mass. Similarly, field
pumping tests are difficult to interpret (Bishop et al.,
1964) and may lead to erratic results because of their sen-
sitivity to soil non homogeneity (in particular drainage
layers). Comparisons between field and laboratory measure-
ments lead to various levels of agreement. Rowe (1972)
presents convincing evidence of in situ permeabilities
which are one or more orders of magnitude larger than
measured in small laboratory samples for many of the clays
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typically encountered in England. On the other hand,
Kenney and Chan (1973) obtained excellent agreement be-
tween permeabilities measured on small cubical test samples
and field values for a Canadian varved clay having a ratio
of horizontal to vertical permeability, kh/kv , of three.
Hence, the need often arises for an economical in situ
test that would provide reliable profiles of consolidation
(and/or permeability) coefficients. These profiles would
be especially valuable to:
a) identify drainage layers which are crucial in two-
or three-dimensional consolidation problems, dewatering
and grouting operations as well as in dam foundations
(uplift pressures and piping);
b) perform more accurate consolidation analyses for
application in predicting settlement rates, monitoring
earth structures, designing preloading surcharge and
vertical sand drains, and;
c) aid for decision making in foundation engineering
such as selecting adequate dewatering methods and pres-
sure relief, planning of long term instrumentation
programs, tunnelling operations, etc...
9.2 DIFFICULTIES IN INTERPRETING DISSIPATION RESULTS
The interpretation of the pore pressure dissipation
around piezometer probes after steady penetration has
stopped required estimates of: 1) the initial distribution
of excess pore pressures generated in the soil during steady
penetration, and; 2) the rate of subsequent dissipation of
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these pore pressures as related to soil properties (i.e.,
soil consolidation). This section describes the difficul-
ties encountered in pore pressure dissipation studies.
9.2.1 Initial Excess Pore Pressure Distribution
Existing predictions of the initial excess pore pres-
sure distribution in the soil surrounding the shaft behind
a penetrating cone can be inferred from pile installation
studies where the radial pore pressure distribution (far be-
hind the tip) is approximated by the one-dimensional expan-
sion of a cylindrical cavity (Soderberg, 1962; Ladanyi,1963).
The pore pressure distribution around the tip is much more
difficult to estimate because the problem is clearly two-
dimensional. Torstensson (1977) suggests that these pore
pressures lie between those corresponding to the expansions
of spherical and cylindrical cavities in an elastic perfectly-
plastic material. However, this proposed method of inter-
pretation is oversimplified because of (a) the idealized
probe geometry, and; (b) the modelling of the soil by means
of an elastic perfectly-plastic material.
In earlier chapters, an approximate yet rational pre-
dictive method for estimating the two dimensional pore pres-
sure field around piezometer probes with 180 and 600
conical tips is proposed. Chapter 8 presents the results
of predictions obtained for normally consolidated Boston
Blue Clay (BBC). Comparisons with extensive field measure-
ments show that the resulting normalized pore pressure
field are reasonably accurate for BBC when the overcon-
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solidation ratio (OCR) is less than 3. The analyses in
Chapter 8 provides (a) insight into the pore pressures
developed during cone (or pile) penetration and, (b) a
basis for a rational interpretation of dissipation re-
cords (see Chapter 10). However, it should be pointed out
that the numerical analyses necessary to obtain two-dimen-
sional pore pressure fields are laborious, costly and re-
quire a large amount of stress-strain-strength laboratory
data. They are thus unlikely to be conducted for many clays.
Applicability of the results to clays other than BBC can
be assessed (a) directly by measuring in situ excess pore
pressures during penetration at different locations
along the probe and at different radial distances from
the shaft or, (b) indirectly by examining the shapes of
predicted and measured normalized dissipation records and
comparing the predicted consolidation (or permeability)
coefficient with reliable estimates obtained by other means.
Additional difficulties can be expected in very er-
ratic deposits where the cross-anisotropic and homogeneous
properties assumed in predictions (see Chapter 8) are
grossly violated. The amount of scatter in the predicted
parameters will reflect the effects of non-uniform soil
properties on both the initial pore pressure distribution
and subsequent dissipation.
The latter measurements are difficult to perform
reliably; see Chapter 2.
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Finally, the predictions of initial pore pressure
distributions are only valid when no significant conso-
lidation occurs during steady penetration (i.e., undrained
conditions). In soil deposits with high coefficient of
consolidation, mostly due to high permeabilities en-
countered in coarse grained soils, the partially drained
penetration is expected to affect significantly the quality
of dissipation predictions.
9.2.2 The Consolidation Process
Linear consolidation studies are generally treated
by means of one of two theories:; (1) the Terzaghi-
Rendulic, also called uncoupled or unlinked, theory which
treats the excess pore pressures independently from the
total stresses during consolidation, and; (2) the Biot
(1941), also called coupled or linked, theory where the
interaction between skeleton and pore water is introduced.
Sills (1975) shows that a class of problems exists where
both approaches lead to the same governing equation and
hence can be treated by uncoupled theories even though
total stresses might change during consolidation. These
problems include the obvious one-dimensional rectilinear
consolidation and the consolidation around spherical and
cylindrical cavities in an infinite isotropic linearly
elastic medium.
Terzaghi (1923), Rendulic (1936).
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One of the significant features of coupling during
consolidation is the so called Mandel-Cryer effect. This
effect causes an; increase in the excess pore pressure at
early times which was observed experimentally during con-
solidation of a spherical sample (Gibson et al., 1963).
Schiffman et al. (1969) investigate the plane strain con-
solidation under a strip footing using Biot's theory and
find that significant Mandel-Cryer effects take place
under the load and close to the surface. These effects,
however, decrease in magnitude when: (a) the drainability
of the loaded surface decreases, and; (b) the drained
Poisson's ratio of the material increases. Viggiani
(1970) and Davis and Poulos (1970) show that in a wide
range of practical problems, and except for the occurrence
of the Mandel-Cryer effect during the early stages of
consolidation, the Terzaghi-Rendulic theory predicts fairly
well the excess pore pressure-time relationship provided
that the appropriate coefficient of consolidation is used
to evaluate the time factor.
Blot consolidation theory can therefore be considered
more correct than the Terzaghi-Rendulic theory because it
predicts the Mandel-Cryer effect that has been observed
experimentally. However, its use leads to much more
Mandel (1953) and, Cryer (1963).
The coefficient of consolidation used in Terzaghi-
Rendulic equation should be the same as that used in Biot
equation.
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complicated computations. In particular, when the finite
element method is utilized to solve a three-dimensional
consolidation problem, Biot's theory requires 4 degrees of
freedom (3 for the displacements and 1 for the pore pres-
sure) at each node whereas the Terzaghi-Rendulic theory re-
quires only one (pore pressure).
Prediction of the pore pressure-time relationship in
the soil after cone penetration has stopped is further
complicated by: (a) the nonlinear behavior of the soil;
(b) the high level of soil remolding in the vicinity of
the tip and the shaft, and (c) soil anisotropy.
a) Nonlinear Soil Behavior
Terzaghi-Rendulic and Biot theories both assume that
the compressibility and the permeability of the soil re-
main constant during consolidation. In fact, the com-
pressibility of a given clay is a function of its current
effective stress level as well as its past stress history
(i.e.,overconsolidation ratio) whereas its permeability is
principally a function of its current void ratio. When the
clay is normally consolidated,the compressibility and per-
meability vary in such a way that the coefficient of con-
solidation remains approximately constant. On the other
hand, if an overconsolidated clay is loaded to effective
stress levels exceeding its maximum past pressure, large
soil nonlinearity arise during consolidation. Consequently,
linear solutions are only applicable to small stress
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increments away from the maximum past pressure. Many
researchers have investigated non-linear one-dimensional
consolidation. Fuleihan and Ladd (1976) present a compre-
hensive review of these theories.
Small et al.(1976) propose an incremental finite
element formulation to solve the two-dimensional elasto-
plastic consolidation of soils by extending Biot's theory.
However, in the case of three-and even two-dimensional
consolidation problems, solutions are very difficult to
obtain because of the large number of soil parameters and
the resulting computational difficulties.
Comprehensive non-linear consolidation analyses are
thus currently limited to simple geometries and simplified
soil behaviorial models.
b) Soil Remolding
Deep steady cone penetration causes large shearing
strains in the clay, especially in the immediate vicinity of
the tip (Fig. 5.15). These strains produce a failure zone
in normally consolidated Boston Blue Clay extending to a
radial distance equal to 6.5 times the shaft radius (Fig.
8.9).
Chapter 7 shows that when shearing strains are applied
to a normally consolidated clay sample, positive shear in-
duced pore pressure, Aus , develops (Fig. 7.4) resulting
in a negative mean effective stress change,Auoct (= - AUs).
With regards to clay consolidation, the reduction in mean
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effective stress at a constant void ratio due to undrained
shearing can be viewed as an artificial overconsolidation
of the clay. This is illustrated in Fig. 9.1 showing the
results of consolidation tests conducted on Atchafalaya Clay
reported by Fuleihan and Ladd (1976). Test A in Fig. 9.1
shows results of a typical oedometer test. Test B con-
sisted of: a) consolidating the clay sample in a Direct
Simple Shear apparatus under Ko conditions to a vertical
effective stress, v= 1.0 kg/cm 2 ; b) conducting an
vc
undrained creep test, i.e., applying a constant horizontal
shear stress Th (equal to 73% of the failure shear stress,
(Th)max ) for more than two days while maintaining the
sample volume constant, and; c) reconsolidating the
sample to a vertical effective stress, avc = 2.0 kg/cm
after relieving the shear stress Th. The results in Fig.
9.1 clearly indicate that the initially normally conso-
lidated clay behaves as an overconsolidated clay after
being subjected to undrained creep.
Figure 9.2 illustrates the effect of overconsolida-
tion on the shear induced pore pressure (normalized with
respect to the maximum past pressure), Aus/ vm, at dif-
ferent axial strain levels during CKoU plane strain com-
pressions tests on resedimented Boston Blue Clay. When
the clay is initially overconsolidated (OCR = 4, say)
*Atchafalya clay is a soft plastic clay (PI = 75) from
south-central Louisiana.
-330-
undrained shearing generates negative Aus and thus the mean
effective stress, aoct' is increased. However, this
increase in a ct is small compared to a ( < 15%).
oct vm
In summary, limited experimental data on consolidation
clays after undrained shearing indicates that consolidation
after steady cone penetration is interrupted occurs in a re-
compression mode for both normally consolidated and over-
consolidated clays (OCR < 4). More careful testing to simu-
late the actual soil consolidation around cones requires more
complicated stress systems to be imposed on laboratory
samples in order to maintain shear stresses during reconso-
lidation. However, this shearing is expected to vary with
time and is difficult to estimate.
c) Soil Anisotropy
Because of their mode of deposition, natural clays
generally exhibit some anisotropy in permeability and in
compressibility. The ratio of horizontal to vertical
permeability, kh/kv, is difficult to evaluate. Based on
limited laboratory data, typical values of kh/kv for homo-
geneous clay deposits (i.e., clays with a uniform stratifi-
cation) are given by Ladd, 1976:
Nature of Clay kh/kv
1. No evidence of layering 1.2 . 0.2
2. Slight layering, e.g. sedimentary clays
with occasional silt dustings to random
lenses 2 - 5
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3. Varved clays in Northeastern U.S. 10 ± 5
However, for sedimentary deposits with erratic layers of
more pervious soil, the results of tests on samples selected
at random locations will generally be misleading. Ladd
(1976) recommends to evaluate kv from laboratory tests and
kh from in situ permeability tests.
Little experimental information exists on the ratio
of horizontal to vertical compressibilities. This ratio
is, however, believed to be close to unity and, in practice,
the compressibility of clays is generally considered iso-
tropic (Mitchell and Gardner, 1975).
Therefore, it appears reasonable to assume that the
anisotropic behavior of clays during consolidation is prin-
cipally caused by anisotropic permeability. Parametric
analyses will be presented to determine which permeability
(kv or kh), if any, governs the consolidation around piezo-
meter probes.
9.3 HARDWARE LIMITATIONS
Piezometer probes used at M.I.T. (Wissa et al., 1975)
and in Sweden (Torstensson, 1975) are shown in Figs. 2.2
and 2.3, respectively. Although the external design vary
somewhat, both types of probes are based on the same basic
principle: the soil transmits its pore pressure through a
porous stone hydraulically connnected to an electrical
pressure transducer.
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Recording of an increase in pore pressure in the soil
requires some water inflow from the soil through the stone
to account for: a) the compressibility of the water in the
probe, and; b) the deflection of the transducer's membrane.
A rigid system, where the volume of water in the probe is
small and is well deaired requires "little" water inflow
and provides a rapid response. On the other hand, a
flexible system requires "large" inflow of water and thus
creates a time lag in measurements. This time lag is espe-
cially significant at early stages of consolidation and
hence makes the interpretation of pore pressures difficult
if at all possible.
Ghionna et al. (1978) present dissipation results in
Italian clays using Torstensson piezometer probe where the
pore pressure increases for about 1 minute before starting
to decrease. Similar results were obtained by Lunne and
Lacasse (1980) in Scandinavian clays where they used the
same piezometer probe and the same deairing technique.
However, after adopting a deairing technique similar to that
used at M.I.T., Lunne and Lacasse observe that: 1) the
penetration pore pressures become higher in the top 5 m
The deairing operation is reported as accomplished
quickly (= 15 minutes) in the field by placing the piezo-
meter probe in a container full of water and connected to a
vacuum pump (Lacasse, 1980).
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of the deposit, and; 2) the pore pressure starts to de-
crease as soon as penetration stops.
These observations thus emphasize the importance of
an adequate deairing of the probe for obtaining good
quality measurements. It is, therefore, strongly recom-
mended to adopt a deairing technique at least as careful
as currently adopted at M.I.T. This method consists of:
a) disassembling the probe, cleaning and drying all
parts (the porous stone requires oven drying);
b) placing all parts in a container under a good
vacuum (less than 10 millitorrs) for at least 12 hours;
c) flowing deaired water into the container (still
under vacuum), and;
d) assembling the probe under water.
Furthermore, the stone must be prevented from drying
by keeping it under water until its use in the field.
Careful deairing of the piezometer probe is especially
important in highly pervious soils (silty sands and sands)
and very impervious soils (plastic clays). Pore pressure
dissipation in very pervious soils might be faster than
the response time of the probe and hence even penetration
pore pressures might go undetected. In highly impervious
soils, the required inflow of water into the system might
be too large to be provided rapidly by the soil. Dissipa-
tion results conducted by M.I.T. in Atchafalaya clay
1 Torr = 1 mm of mercury = 0.0013 atm.
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-a(kv = 10 cm/sec), using the same piezometer probes as in
Boston Blue Clay (kv = 10 cm/sec), show a slight in-
crease in pore pressure for a short period of time (5 to
30 sec) at the end of penetration. The same phenomenon
was not observed in BBC.
9.4 SUMMARY AND CONCLUSIONS
The evaluation of the consolidation and/or permeability
properties of soils is important in a wide variety of
geotechnical problems. In concept, this could be achieved
by adequately interpreting records of pore pressure dis-
sipation after cone penetration is interrupted.
Existing interpretation methods rely on one-dimen-
sional solutions and hence are too simplified to yield
reliable results. Two-dimensional consolidation analyses
performed subsequently utilize steady state normalized
excess pore pressure fields obtained earlier and summarized
in Chapter 8. Because of the complexity of sophisticated
consolidation theories, pore pressure dissipation will be
predicted by means of the uncoupled linear Terzaghi-
Rendulic theory which proved sufficiently accurate in many
consolidation problems. Sensitivity analyses will be
conducted to assess the effects of: (a) coupling between
total stresses and pore pressures during consolidation, and;
b) anisotropic permeability on the pore pressure-time
relationship.
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Dissipation records are especially difficult to inter-
pret in: (a) deposits with high coefficients of consolida-
tion because of partial pore pressure dissipation during
penetration, and; (b) in deposits with very low per-
meability where the piezometer probe exhibits a time lag.
Great care should be exercised in thoroughly deairing the
piezometer probe. Malfunction of a probe can be detected
either from the penetration pore pressure (long rising time
after resuming penetration) or from the dissipation record
(initial increase in pore pressures).
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CHAPTER 10
ONE-DIMENSIONAL DISSIPATION
The modelling of undrained cone penetration (or pile
installation) by means of the expansion of cylindrical (or
spherical) cavities in an infinite medium is extensively used
(see Chapter 3). These undrained expansion problems are one-
dimensional and, closed-form solutions can be readily obtained
for simplified behavioral laws (e.g., elastic perfectly-plastic)
or, alternatively, simple numerical methods are available to
evaluate the radial stress distributions in materials with more
complicated behavior (Ladanyi, 1963, and, proposed method in
Fig. 3.3).
Moreover, the cylindrical (or spherical) cavity problem
leads to simple analyses, not only for estimating the initial
pore pressure distribution due to expansion,but also for the
subsequent consolidation. The dissipation of excess pore pres-
sures around a cylindrical (or spherical) cavity in a linear
elastic isotropic material extending to infinity, occurs inde-
pendently of total stress changes (i.e., uncoupled problem) and
the Terzaghi-Rendulic (or heat) equation governs consolidation
(see Chapter 9).
This chapter first reviews the existing interpretation
methods for the pore pressure dissipation around pile shafts and
piezometer probes. The effects of the initial pore pressure
distribution on dissipation is then investigated by means of the
results of the closed-form solutions presented in Appendix H.
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Finally, the effects of nonlinearities (involving possible
coupling between pore pressures and total stresses) on the
pore pressure dissipation around cylindrical cavities, are
discussed.
10.1 EXISTING SOLUTIONS
Soderberg (1962) investigates the pore pressure dissi-
pation around driven piles. Pile installation is modelled by
the expansion of a cylindrical cavity and the excess pore
pressure is assumed to be equal to the radial stress increment
caused by cavity expansion (i.e.,Au = Aar). Two models were
used to determine the initial pore pressure distribution. The
first model assumes that the soil behaves as an elastic per-
fectly-plastic material and the solution is obtained assuming
plane stress conditions (Nadai, 1950). The second model
assumes the soil to behave as a "viscous substance" unable to
support tensile stresses and the radial stress is evaluated
from equilibrium alone (setting ae = 0). Soderberg predicts
the dissipation of excess pore pressures by means of the
Terzaghi-Rendulic theory using the finite difference technique.
By fitting the experimental results of failure load vs.
elapsed time after pile driving in clay reported by Seed and
Reese (1957) with the predicted dissipation curves*, Soderberg
(1962) back-figured the horizontal coefficient of consoli-
dation, chi in reasonable agreement with empirical relation-
*
Assuming that the increase in strength during consoli-
dation is linearly related to the pore pressure decay along
the pile shaft.
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ship between ch and the liquid limit of the clay. Soderberg
points out that the major uncertainties in his predictions
are caused by the difficulty of estimating the initial pore
pressure distribution (prior to dissipation).
Torstensson (1977) evaluates the pore pressure distribu-
tion due to undrained penetration of a conicalpiezometer probe
in clays by means of the classical solution to the expansion
of spherical and cylindrical cavities in an infinite medium
initially subjected to an isotropic state of stress (Hill,
1950). Assuming that, due to expansion, the excess pore
pressure, Au, equals the octahedral (or isotropic) total
stress change, Acoct' he determines Au in the plastic zone*
(R<r<r) :
r
Au = 4 s u kn (-P) (10.1)
for a spherical cavity, and:
r
Au = 2 s kn (- )  (10.2)u r
for a cylindrical cavity,
in which the radius of the plastic zone, r , is given by:
r = . R (10.3)p r
for a spherical cavity;
r = /- . R (10.4)p r
for a cylindrical cavity; Ir = G/su is the rigidity index, G
the elastic shear modulus, su the undrained shear strength of
the clay and, R the radius of the cavity.
In the elastic zone A c t = 0 and, therefore, Au = 0.
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When penetration stops, Torstensson assumes that con-
solidation is governed by Terzaghi-Rendulic (uncoupled)
equations:
u (a2u 2 au
-=c( 2-- r + - -) (10.5)at r r ar
for a spherical cavity and,
au = 2u 1 au (10.6)
- =c(--r + - -)at ar r ar
for a cylindrical cavity,
in which t is the time and c the coefficient of consolidation.
Torstensson solves these equations with the finite difference
technique and provides charts of normalized excess pore pressure
2
at the cavity wall, Au/dui vs. the time factor, T = ct/R ,
for different value of E/su*,Fig. 10.1. In order to evaluate
the coefficient of consolidation, c, from dissipation records
obtained with the piezometer probe, Torstensson proposes to
use the formula:
T 5 0  2 (10.7)
t 5 0
in which T50 is the predicted time factor for a selected value
of E/su (Fig. 10.1) and, t50 is the measured time for 50%
dissipation, i.e., Au/Au. = 0.5.1
Application of Torstensson's method for evaluating the
in situ coefficient of consolidation from piezometer probe
dissipation records is highly questionable for the following
reasons:
Note that E/s = 3 G/s = 3 I and Au. is the initial
excess pore pressure at the cavity wall.
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1) The initial pore pressure field in the neighborhood
of the piezometer tip is clearly two-dimensional and,
therefore, use of one-dimensional spherical or cylindrical
cavities represents a severe over simplification of the
problem;
2) modelling of the soil by means of an elastic perfectly-
plastic material generally underestimates the extent of
the plastic zone which is very sensitive to the secant
modulus at low strains (see Appendix G);
3) prediction of the pore pressure decay around a
spherical cavity by means of Eq. 10.5 is only valid for
an isotropic material (i.e., the coefficient of con-
solidation is the same in all directions) when the initial
excess pore pressures also exhibit spherical symmetry.
This requires isotropic stress conditions (KO = 1),
isotropic stiffness and strength. Such conditions are
rarely encountered in practice, and;
4) Torstensson (1977) does not recommend the type of
cavity (spherical or cylindrical) to use in interpreting
probe dissipation records. This results in an uncertainty
factor of about 4 in the estimated coefficient of con-
solidation.*
In summary, Torstensson interpretation method of dissipation
records obtained with the piezometer probe is not believed to
provide reliable estimates of the coefficient of consolidation
*For E/su = 200 T50 = 0.5 and 2.0 for spherical and
cylindrical cavities, respectively.
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because of the oversimplifications in the problem geometry as
well as in the soil behavior. Since the method can only
provide relative variation in the coefficient of consolidation
versus depth (and/or lateral extent) in a soil deposit, a plot
of t50 us. depth would prove just as useful.
10.2 EFFECT OF INITIAL PORE PRESSURE DISTRIBUTION
Appendix H presents closed-form analytical solutions for
the pore pressure dissipation around spherical and cylindrical
cavities when free drainage occurs at infinity as well as at
a finite radius*. Three initial excess pore pressure distri-
butions (constant, linear and, logarithmic) are considered and
the variation with time of the excess pore pressure at the
impervious cavity wall is evaluated for selected values of
the parameter X that describes the initial radial extent of
excess pore pressures (i.e., the initial excess pore pressure =
0 when r > XR, where R is the cavity radius). Figure 10.2
presents plots of pore pressure vs. time at the wall of
cylindrical and spherical cavities in a linear isotropic
elastic material draining at infinity for constant, linear and,
logarithmic initial pore pressure distributions (see Fig. 10.3
or H.1 for further details on the initial distributions) all
extending to a radius r = 20R (i.e. X = 20).
Results in Fig. 10.2 indicate that:
1) For a given initial distribution (same shape and same
Solutions with drainage at a finite radius are derived
principally for checking the accuracy of those with drainage at
infinity.
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extent), the pore pressure at the wall of a spherical cavity
dissipates faster than that of a cylindrical cavity, and;
2) For a given cavity (i.e., cylindrical or spherical),
the logarithmic initial distribution* leads to the fastest
dissipation, whereas the constant initial distribution leads
to the slowest dissipation. For example, T50 = 7, 35 and, 140
for the logarithmic, linear and constant initial pore pressure
distributions, respectively.**
Because of the large number of cases considered and the sig-
nificant effort required in the computations, the results
tabulated and plotted in Appendix H are limited to the variation
with time of the excess pore pressure at the cavity wall.
Appendix I describes and lists a computer program utilizing
the finite differences technique for solving rectilinear,
cylindrical and spherical one-dimensional uncoupled linear
consolidation problems. This program provides economical and
reasonably accurate solutions to determine the radial distri-
bution of excess pore pressure vs. time. Figure 10.3 presents
radial pore pressure distributions around a cylindrical cavity
at different time factors for a constant, linear and logarithmic
initial pore pressure distributions (X = 20). These results
were obtained by means of the computer program in Appendix I
with a mesh consisting of 121 equally spaced nodes extending
from r = R to r = 61R and a time step AT = 0.05. Accuracy of
obtained from expansion theories of cylindrical (and
spherical) cavities in elastic perfectly plastic materials.
**cylindrical cavity with X = 20.
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the analyses was checked by comparing the pore pressure at the
cavity wall with closed-form solutions (in Appendix H) and
was found to be better than 6%.
The results in Fig. 10.3 show that:
1) for a constant initial distribution, significant
time is required before pore pressures at the cavity wall
start to decrease;
2) for a logarithmic initial distribution, high pore
pressure gradients occur at the cavity wall and, thus, pore
pressure at the wall dissipate rapidly, and;
3) for all three distributions, and at any time factor,
T, the soil can be divided into two zones. In the inner zone,
pore pressure decrease, whereas in the outer zone, pore
pressures increase. The boundary between the two zone (no
change in pore pressure at a given time) moves monotonically
with time away from the cavity. This indicates that during
consolidation around a cylindrical cavity, soil elements close
to the wall are constantly subjected to loading (i.e., increase
in effective stresses due to decrease in pore pressure). On
the other hand, soil elements at a larger distance from the wall
are first unloaded and then reloaded.
Randolph and Wroth (1978) propose similar analytical
solutions to the consolidation around a cylindrical cavity with
a logarithmic initial pore pressure distribution*. In order to
reduce computational effort, they consider the problem where
Comparison of their results (read off a graph) with those
in Appendix H showed a good agreement.
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free drainage occurs at a finite distance. In Appendix H
(Fig. H.7) it is shown that, even when free drainage takes
place at r = XR, pore pressure decay corresponding to an
initial logarithmic distribution is practically identical
to that with drainage at infinity up to = 60% dissipation.
Therefore, the assumption of Randolph and Wroth that dissipation
results with free drainage at r =(5 - 10)AR are close to free
drainage at infinity appears fully justified.
10.3 EFFECT OF NONLINEARITY
The results presented earlier in this Chapter are only
applicable to the consolidation around cavities in a homo-
geneous isotropic linear elastic material extending to infinity.
However, actual soil consolidation is nonlinear and requires
more sophisticated methods.
Small et al. (1976) propose an incremental finite element
formulation to solve the elastoplastic consolidation of soils
by extending Biot's linear theory. Randolph et al. (1978)
applied this formulation to evaluate the nonlinear consoli-
dation around a cylindrical cavity. Figure 10.4 presents the
variation versus time of the excess pore pressure and of the
total and effective radial stresses obtained for an elastic as
well as for an elastic perfectly-plastic material*. We note in
Fig. 10.4 that:
1) the pore pressure dissipation at the cavity wall is
Randolph et al. (1978) do not consider variations in the
coefficient of permeability in their analyses.
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virtually identical whether the material is elastic or elasto-
plastic; the discrepancies between the two curves are on the
order of typical numerical errors (=5%), and;
2) the total radial stress at the cavity wall, ar'
decreases during consolidation in an elastoplastic material
whereas, a r remains constant in the elastic material. This
results in a lower value of the effective radial stress, ar'
after consolidation in the elasto-plastic material.
Randolph et al. (1978) also performed similar analysis
with the Cam-Clay model*. They report similar trends for
both pore pressure and radial stresses.
In summary, limited results indicate that soil non-
linearities during consolidation have no significant effect on
the pore pressure dissipation at the wall of a cylindrical
cavity. However, elastic analyses appear to over predict
radial effective stresses at the cavity wall.
10.4 CONCLUSIONS
The problems of consolidation around spherical and
cylindrical cavities are attractive because: a) closed-form
solutions are available for simple initial pore pressure distri-
butions and simple constitutive laws for the soil thus per-
mitting parametric analysis to be conducted and, b) solutions
for more complicated laws require only manageable level of
computations. Furthermore, consolidation around the shaft
See Chapter 8 for information on the model and the
parameters used.
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of a long pile appears reasonably well approximated by the
consolidation taking place around an infinitely long cylindrical
cavity. On the other hand, interpretation of the pore pressure
dissipation around the tip of conical probes by means of
cylindrical (and/or spherical) cavities appears to oversimplify
the problem especially if the soil is assumed to behave as an
elastic perfectly-plastic material and hence does not provide
a rational means of predicting the coefficient of consolidation.
Limited results of consolidation analyses around cylindri-
cal cavities taking soil nonlinearities into account suggest
that Terzaghi-Rendulic theory leads to reasonable pore pressure
dissipation predictions but overestimates the radial total
stress. More sophisticated analyses considering the variation
in soil permeability and more realistic constitutive laws are
still needed in order to assess the effects of nonlinear
consolidation.
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Figure 10.1 Predicted pore pressure dissipation around spherical
and cylindrical pore pressure probes
(from Torstensson, 1977).
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CHAPTER 11
TWO-DIMENSIONAL PORE PRESSURE
DISSIPATION AROUND CONES
11.1 INTRODUCTION
This chapter presents two-dimensional linear con-
solidation analyses around conical piezometer probes
with 180 and 600 tips after steady penetration has been
interrupted. The initial distribution of normalized
excess pore pressures prior to consolidation is obtained
from the steady state penetration solutions in normally
consolidated Boston Blue Clay (BBC). Comparison with
extensive field measurements conducted earlier showed
that the normalized pore pressures are reasonably accurate
for BBC when the overconsolidaton ratio (OCR) is less
than 3 (Chapter 8).
Isotropic linear uncoupled finite element consolida-
tion analyses are first conducted with a fine mesh to
obtain accurate predictions of pore pressure dissipation
at various locations on the tip and the shaft of 180 and
600 piezometer probes. The effect of soil anisotropy is
evaluated by reducing the vertical coefficient of consoli-
dation, c , and comparing the dissipation results around
an 180 piezometer probe with those obtained for the
isotropic case. The effects of linear coupling (discussed
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in Chapter 9) are assessed by comparing dissipation re-
sults around an 180 piezometer probe obtained with
a) a linear uncoupled finite element program (i.e.,
based on Terzaghi-Rendulic theory), and; b) a linear
coupled finite element program (i.e., based on Biot's
theory). Because of the computational limitations of the
coupled finite element program, both analyses are per-
formed with a relatively coarse mesh. The effects of
finite element mesh are evaluated by comparing the
results of uncoupled linear solutions obtained by means of
the fine mesh (high resolution) and the coarse mesh (low
resolution). Finally, the effects of possible errors in
the estimated penetration pore pressures, ui , and, static
(or initial in situ) pore pressures, uO , on the predicted
dissipation curves are evaluated. These errors are im-
portant in developing reliable methods for interpreting
dissipation records.
11.2 UNCOUPLED TWO-DIMENSIONAL SOLUTIONS
The analyses presented in this section were con-
ducted with the finite element program ADINAT (Bathe, 1977).
This program solves linear (and nonlinear), transient (and
steady state) heat transfer problems where the temoerature 8 is
governed by the equation:
Due to inherent soil variability or measurement
errors.
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KV2 _ - t (11.1)
in which V2 is the Laplacian operator, K is the diffu-
sivity of the substance and, t the time.
By simply substituting e and K by the pore pressure,
u, and the coefficient of consolidation, c, respectively,
Eq. 11.1 reduces to the uncoupled Terzaghi-Rendulic equation:
au
cV2u = (11.2)
Figure 11.1 presents the finite element mesh adopted
to analyse the uncoupled linear consolidation around a
piezometer probe with an 180 tip angle. The mesh con-
sists of 511 nodal points and 538 elements. It extends
between elevations - 30Rand +15 R with respect to the
apex of the conical tip (R = shaft radius) and up to a
radius r = 100 R away from the symmetry axis. The outside
mesh boundary is impervious everywhere except along the
cylinder located at r = 100 R where a zero excess pore
pressure is maintained at all times.
In order to assess the adequacy of the two-dimensional
mesh (Fig. 11.1) and select appropriate time steps, a
simple one-dimensional analysis was first conducted.
See Carslaw and Jaeger, 1959 for further information.
Results in Appendix H show that the flow condi-
tion at this boundary does not affect the dissipation
in the neighborhood of the tip up to very large times.
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The one-dimensional mesh consisted of 20 rectangular
elements connected to 21 paitsof nodes located at the same
radii as the upper horizontal row of nodes in the two-
dimensional mesh (Fig. 11.1). Figure 11.2 compares the
dissipation results at the impervious wall of a cylindri-
cal cavity for a logarithmic initial pore pressure distri-
bution obtained: a) with ADINAT using the one-dimensional
mesh described above and the time steps in Table 11.1,
and; b) from the closed-form solution in Appendix H
(Table H.9). The agreement between numerical and analy-
tical results in Fig. 11.2 is very good especially when
considering the large initial pore pressure gradients close
to the cavity wall associated with the logarithmic initial
distribution.
Figure 11.3 shows the predicted contours of the
normalized excess pore pressure (Au/Evo) during the un-
coupled consolidation around an 180 cone in a linear isotropic
material obtained with ADINAT (using the mesh in Fig. 11.1
and the time steps in Table 11.1) for selected values of
the time factor, T (= ct/R 2 where c is the isotropic coef-
ficient of consolidation, t the time and R the shaft
radius). The pore pressures at T = 0 are the same as pre-
dicted during steady cone penetration in normally consoli-
dated BBC and presented in Chapter 8 (Fig. 8.18).
The results shown in Fig. 11.3 indicate that:
1) the consolidation at early times (T < 1i, say) is
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limited to the immediate vicinity of the tip. For
Au
example the contour of =A = 0.1 remains virtually un-
changed at T=l compared to its initial location (at T=0)
2) as consolidation oroceeds, the contours
initially close to the conical tip move closer to the
tip where they eventually vanish. This indicates that
Au decreases near the cone. On the other hand, the
contours initially far from the tip first move out-
Au
wards (see for example, contours of =--  0.01, 0.03
avo
in Fig. 11.3) and then, at later times (not shown in
Fig. 11.3) come back toward the tip where they even-
tually vanish. This indicates that soil elements
close to the tip tend to be subjected to monotonic
loading (i.e., Au decreases) whereas, those further
away are first unloaded (i.e., Au increases) and then
**
reloaded. Such results are important in the inter-
pretation of actual dissipation records in clays be-
cause they exhibit a significant nonlinear behavior
with a coefficient of consolidation during loading
which is different from unloading.
Figure 11.4 shows plots of normalized excess pore
In terms of effective stresses.
A similar behavior occurs during the one-dimensional
consolidation around a cylindrical cavity (Fig. 10.3) and
has been discussed in Section 10.2.
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pressure, u, versus time factor, T, at four selected loca-
tions along the tip and the shaft of an 180 piezometer
probe during uncoupled consolidation in a linear isotropic
material.
We note in Fig. 11.4 that:
1) the time required to achieve a given u increases
for points further away from the apex of the cone;
2) the pore pressure at point 3 (on the shaft,
right behind the cone) increases slightly at early
times. This is due to the larger initial pore. pressures
along the cone face (see contours in Fig. 11.3 at
T = 0), and;
3) at T = 100, most of the consolidation (82 to
92%) has been achieved (u = 18 to 8%) and at T = 1000,
consolidation is practically completed (1 = 1%, say)
at all locations.
Analyses identical to those presented above were
conducted for the consolidation around a piezomenter probe
with a 600 tip angle. A finite element mesh very similar
to that in Fig. 11.1 was used. together with the same time
u = Au/Aui where, Au and Au. are the current and ini-
tial excess pore pressures at the point under study, res-
pectively.
At the cone apex, mid-cone, cone base and, on the
shaft at 10R behind the cone apex (R = shaft radius).
nodal points in the tip vicinity were relocated to
achieve the new geometry (i.e., 600 tip).
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steps (Table 11.1). The predicted contours of excess
pore pressure during the uncoupled consolidation around a
600 cone in a linear isotropic material obtained with ADINAT
are given in Fig. 11.5. Results in this figure show the
same trends discussed above for the 180 cone. We note,
however, that because of the smaller cone length, the con-
tours around the 600 tip (Fig. 11.5) are more spherical in
shape especially at early times.
Figure 11.6 shows plots of the normalized excess
pore pressure, u (= Au/Aui), versus time factor, T, at four
selected locations along the tip and the shaft of a 600
piezometer probe during uncoupled consolidaton in a linear
isotropic material. We note in Fig. 11.6 that dissipations
at locations 1 and 2 are virtually identical and, in fact,
are very close to that of point 3. Furthermore, dissipations
at location 4 (10 R above the cone apex) behind the two
180 and 600 conical tips (in Figs. 11.4 and 11.6, respec-
tively)are very similar.
One-dimensional (cylindrical) analyses conducted with
the finite difference program in Appendix I and using the
radial distributions (far behind the 180 and 600 tips)
of Fig. 8.28 give dissipation curves similar to those at
location 4 in Figs. 11.4 and 11.6. However, a similar
tion using a logarithmic initial distribution (predicted
by cylindrical cavity expansion in an elastic perfectly-
plastic material) leads to very different dissipation curves.
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11.3 EFFECT OF ANISOTROPY
Typical clays have a higher horizontal permeability,
kh, than vertical permeability, kv , and are believed to
exhibit little anisotropy in compressibility (see Chapter
10). This results in a higher coefficient of consolida-
tion in the horizontal direction than in the vertical direc-
tion (i.e., ch > Cv). This section investigates the
effect of anisotropy on the uncoupled consolidation around
an 180 piezometer probe.
The dotted lines in Fig. 11.7 show the contours of
excess pore pressure during uncoupled consolidation around
an 180 cone in a linear cross-anisotropic material having
c = 0.1 ch as obtained with ADINAT and where T = cht/R 2 .
For comparison, the solid contours denote the results in
case of an isotropic soil (cv = ch) previously presented
in Fig. 11.3. Figure 11.7 shows that the effect of de-
creasing cv from ch to 0.1 ch is very limited especially
at early times (T < 0.1, provided that the time factor is
defined as T = cht/R2 ). This result is particularly im-
portant in the interpretation of dissipation records for
indicating what coefficient of consolidation controls
dissipation.
Figure 11.8 presents another illustration of the
effect of soil anisotropy on consolidation by comparing
Using the mesh in Fig. 11.1 and the time steps in
Table 11.1.
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the normalized excess pore pressure, u (= Au/Aui), at four
selected locations along the tip and the shaft of an 180
piezometer probe during uncoupled consolidation in a
linear isotropic, cv = ch (solid lines) and, cross-
anisotropic, ch = 0.1 c h (dashed lines), materials. The
results in Fig. 11.8 clearly indicate that ch govern!s the
consolidation process. A significant decrease in c
slightly delays the pore pressure dissipation at the loca-
**
tions of interest along the probe. For example, the
normalized time factors, T , required to reach 50% dissipa-
50
tion (i.e. u = 0.5) are respectively increased by 20, 34,
36 and, 24% at locations 1, 2, 3 and 4 when c decreases from
ch to 0.1 ch. These values represent the error in the
estimated ch if, in interpreting dissipation records, soil
anisotropy is neglected and results at 50% consolidation
are used.
11.4 EFFECT OF LINEAR COUPLING
All solutions presented above were obtained according
to the Terzaghi-Rendulic theory neglecting the coupling
between total stresses and pore pressures during condolida-
tion. This theory is rigorously applicable to a narrow
Note that in Fig. 11.8 the time factor is controlled
by ch; i.e., T = cht/R2
**
A similar conclusion might not hold if c is higher
than ch. However, a situation where c > ch is unlikely
in practice.
-362-
range of problems including one-dimensional consolidation
in semi-infinite masses where the soil is assumed to be
homogeneous, linear, isotropic and elastic (see Section
9.2.2).
This section investigates the effect of coupling
during consolidation around an 180 piezometer probe in a
linear isotropic elastic material. This is achieved by
comparing results obtained with the finite element program
CONSOL (utilizing Biot theory) to those obtained by ADINAT
(utilizing Terzaghi-Rendulic theory).
11.4.1 Finite Element Program CONSOL
Ghaboussi and Wilson (1971 and 1973) propose a finite
element formulation for the unsteady saturated fluid flow in
a porous isotropic elastic matrix based on Biot's formula-:
tion using a Gurtin type variational principle. For a
compressible pore fluid, the constitutive relations can be
expressed by the following matrix equation (Ghaboussi and
Wilson, 1971):[K] [C] iw t+}
S E{uLt+At
{Ft+At} [0] [O1 {wt}
+ *
-½At({Q+At + [C]T -[E] + ½At[H] {ut}
.... (11.1)
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where [K] = skeleton stiffness matrix;
[E] = fluid compressibility matrix;
[C] = coupling matrix;
[H] = permeability matrix;
{wt) = nodal displacement vector at time t;
{ut) = nodal pore pressure vector at time t.;
{Ft }  = externally applied nodal load at time t;
{Qt) = externally applied nodal flow at time t, and;
At = time increment.
In this formulation, excess pore pressures, Au,
in the soil due to boundary loading equal the increase in
octahedral stress, auoct" Therefore, in order to impose
a given distribution of pore pressures at the nodes, {ui},
a slight modification of the program was necessary to
apply a fictitious set of nodal loads {Fi } at time t = 0.
According to Eq. 11.1, the initial response of a
system (t = 0) is given by:
[K] {wi } + [C] {u i } = {F } (11.2)
Neglecting soil deformations due to excess pore pres-
sures build up at t = 0 (i.e., {wi.} = {0}), the fictitious
applied nodal force vector {F } required to simulate a
given initial nodal pore pressure vector {ui.} at time t = 0
Of no consequence to pore pressure solutions of in-
terest in linear problems.
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is given by:
{F i } = [C] {ui.} (11.3)
Components of the vector {Fi } were therefore ob-
tained by means of the same computer program according to
Eq. 11.3 and maintained throughout the solution; i.e.,
{Ft} = {Fi } for any t.
11.4.2 Results of Consolidation Analyses
The finite element program CONSOL requires much more
in core storage than ADINAT and, hence consolidation
analysis with CONSOL proved impossible to carry out with
the detailed mesh in Fig. 11.1. Consequently, the coarser
mesh shown in Fig. 11.9 was used for the analyses re-
ported below (with CONSOL as well as with ADINAT). This
mesh consists of 117 nodal points and 96 rectangular ele-
ments. It extends between elevations -10 R and 15 R with
respect to the apex of the conical tip and up to a radius
r = 25 R away from the symmetry axis. The boundary con-
ditions are indicated in Fig. 11.9.
If effective stresses were also required (and not
only their changes) an additional set of nodal forces
would be needed to account for the initial nodal displace-
ments and hence satisfy Eq. 11.2
**
Because of a threefold increase in the degrees
of freedom (from 1 to 3) and a lesser use of out of core
(scratch) storage.
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The dotted contours in Fig. 11.10 show the decay of
excess pore pressures during coupled isotropic linear
consolidation around an 180 cone when the soil is saturated
with an incompressible pore fluid as obtained with CONSOL.
The solid contours in Fig. 11.10 denote the uncoupled
analyses obtained with ADINAT using the same grid (Fig. 11.9)
and identical soil properties, time steps (Table 11.1),
etc. The results in Fig. 11.10 indicate that coupling
effects are not very significant and are limited to the
immediate vicinity of the conical tip.
Figure 11.11 compares plots of normalized excess pore
pressures, u (= Au/Au i), versus time factor, T, at four
locations along the tip and the shaft of an 180 piezo-
meter probe during uncoupled consolidation (solid lines)
and coupled consolidation (dashed lines) in a linear iso-
tropic elastic material.
Results in Fig. 11.11 indicate the following effects
of linear coupling:
a) as expected (Sills, 1975; Chapter 10), the pore
pressure at location 4 is practically unaffected by
coupling because the one-dimensional cylindrical situa-
tion is approached;
b) the coupled dissipation curve at location 3
For coupled_analyses the results depend on the drained
Poisson's ratio, v. These analyses were carried out with
v = 0.25.
-366-
exhibits Mandel-Cryer effects at early times but
comes very close to the uncoupled dissipation curve
when T > 1 (i.e., u < 0.92, approximately) and;
c) coupling causes a faster dissipation at location
2 and is especially important at the tip of the
cone, location 1.
Finally, it is interesting to note the effects of the
mesh size on dissipation results obtained by means of
ADINAT using a fine mesh (in Fig. 11.1) to those with the
coarse mesh (in Fig. 11.9) and shown in Figs. 11.4 and
11.11, respectively:
a) results at location 4 are not affected by the
mesh size (they differ by less than 1%) for any time
factor T;
b) dissipation at locations 2 and 3 is very slightly
affected by the mesh size at large times (when u < 0.5)
but is significantly affected during early stages of
consolidation;
c) dissipation at the cone apex, location I, is
strongly affected by the mesh size. For example, the
time factor to reach 20% consolidation (u = 0.8) is
T = 0.065 for the fine grid and T = 0.38 for the
coarse grid. Therefore, results with the coarse
mesh at 20 % consolidation overestimate the coeffi-
cient of consolidation by a factor of 5.85.
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This clearly demonstrates the need for a fine mesh
to provide an adequate resolution in the vicinity of the
tip where large pore pressure gradients occur especially
in the early stages of consolidation.
11.5 EFFECTS OF SOIL VARIABILITY AND/OR
ERRORS IN MEASUREMENTS
Dissipation results presented above and subsequently
used for estimating the horizontal coefficient of consoli-
dation, ch , are expressed in terms of the normalized excess
pore pressure u:
Au u - u
u = - u (11.4)Au. u - u01 1 O
in which
u = measured pore pressure at time T;
u = static pore pressure (i.e., in situ before pene-
tration), and;
u. = penetration pore pressure (i.e., at T = 0 when1
penetration is interrupted).
This section investigates the effect of uncertainties
in the values of uo and ui in order to select reliable
methods for estimating ch.
In practice, the static pore pressure, u , should be
measured at selected depths by leaving the piezometer probe
in the soil long enough to achieve complete soil
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consolidation. This is, however, a time consuming and
expensive task which is often overlooked hence leading to
an error Su in the estimated static pore pressure, u*,0 o
at any depth:
u* = uo + 6uo  (11.5)
where u is the "true" (or in situ) static pore pressure.
The apparent normalized excess pore pressure, u*, is
thus given by:
u (U + u)
u* = (11.6)
u. - (u + 6u )1 o O
Figure 11.12a shows the effects of the error 6uo on the
dissipation at mid-cone of an 180 piezometer probe. The
solid line represents the "true" dissipation curve
(identical to curve 2 in Fig. 11.4) and the dashed lines
represent the "apparent" dissipation curves for 6ui/Au i =
20, 10, -10 and, -20 % (Au. is the "true" initial excess1
pore pressure at time T = 0). Clearly, the effect of
6u is more pronounced at late consolidation stages.
On the other hand, errors in the penetration pore
pressure, u i , can occur due to: a) inherent soil vari-
1ability causing the recorded value uI at the beginning
of dissipation to be different form the relevant (average)
value ui , and; b) incomplete deairing of the piezometer or
low permeability of the clay causing a time lag in the
measurements. The measured penetration pore pressure,
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u i, thus becomes:
ul = u. + Su. (11.7)
1 1 1
where u. is the relevant penetrationpore pressure leading1
to an accurate prediction of dissipation at later times.
The apparent normalized excess pore pressure, u ,
is thus given by:
U - u
U* = o (11.8)
(u. + 6ui ) - u
Figure 11.12.b shows the effect of 6u. on the dissipa-
1
tion at mid-cone of an 180 piezometer probe. "Apparent"
dissipation curves are given for 6ui/Au i = 20, 10, -10,
and, -20%.
The results in Fig. 11.2 are valuable in providing
guidelines for the prediction of the horizontal coefficient
of consolidation, ch, from dissipation measurements:
a) when uo is reliably measured (i.e., 6uo = 0),
prediction of ch is best achieved by matching measured
and predicted dissipation curves at large times where
the effects of 6ui are least significant;
b) when ui ismeasuredwith a high level of confi-
dence (i.e., 6u. 0) as indicated by the consis-
tency and uniformity of measurements, prediction of
ch is reliabley and economically achieved by early
time matching, and;
c) when errors in both uo and ui are expected,O 1
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prediction of ch at intermediate times (when
u = 0.5, say) appears to represent a reasonable
compromise.
11.6 SUMMARY AND CONCLUSIONS
The pore pressure dissipation around conical probes
requires two-dimensional numerical analyses in order to
interpret dissipation records and hence estimate the
coefficient of consolidation of the soil. This chapter
presents linear consolidation analyses to investigate the
effects of cone angle; the location of the porous stone;
the anisotropy of the soil; the size of the mesh (reso-
lution); the coupling between pore pressures and total
stresses, and; the uncertainties in the estimated initial
and final pore pressures on prediction of dissipation
rates.
Results of these consolidation analyses indicate that:
1) dissipation at different locations on an 18* cone
based on linear uncoupled solutions using a fine
finite element mesh (Fig. 11.1) are very different
(Fig. 11.4). This emphasizes the need for two-
dimensional solutions because one-dimensional consoli-
dation studies (see Chapter 10) cannot detect the ef-
fect of porous stone location. Similar analyses for
a 600 probe show that the predicted dissipation along
the conical tip varies little with location
(Fig. 11.6);
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2) At a sufficient distance behind the tip dis-
sipation on the shaft is not significantly dependent
on the cone angle and is about one to two orders of
magnitude slower than dissipation at the tip;
3) a reduction in the vertical coefficient of conso-
lidation, cv , from ch to 0.1 ch causes little delay
in the uncoupled pore pressure dissipation at
4 selected locations along the tip and the shaft of
an 180 piezometer probe in a linear elastic
material (Fig. 11.8). This suggests that ch
governs consolidation around piezometer probes;
4) the effect of linear coupling between total
stresses and pore pressures is small except at early
stages of consolidation especially near the apex of
an 180 cone (Fig. 11.11). This suggests that un-
coupled solutions can provide reasonably accurate pre-
dictions away from the apex and after sufficient dis-
sipation has taken place;
5) accurate predictions of excess pore pressure
dissipation (especially in the vicinity of the
conical tip) requires the use of a fine mesh
(Fig. 11.1), and;
Provided that the time factor is defined as
T = cht/R.
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6) errors in the static and penetration pore
pressures (u and ui , respectively) can seriously
affect the estimated coefficient of consolidation.
Matching of measured and predicted dissipation re-
cords at small, large and, intermediate degrees of
consolidation is recommended if errors in uo,
ui or both, respectively, are expected.
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*Consolidation analyses with the coarse mesh (Fig.ll1.9)
are interrupted at T = 100
Table 11.1 Time steps used in the finite element consoli-
dation analyses of Chapter 11.
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Time Step Time Factor
AT T
0.01 0.01
0.01 0.02
0.01 0.03
0.01 0.04
0.01 0.05
0.01 0.06
0.01 0.07
0.01 0.08
0.01 0.09
0.01 0.1
0.18 0.28
0.18 0.46
0.18 0.64
0.18 0.82
0.18 1.0
1.8 2.8
1.8 4.6
1.8 6.4
1.8 8.2
1.8 10.0
18.0 28.0
18.0 46.0
18.0 64.0
18.0 82.0
18.0 100.0
180.0 280.0
180.0 460.0
180.0 640.0
180.0 820.0
180.0 1000.0
v) _ _ _ _
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CHAPTER 12
EVALUATION OF DISSIPATION PREDICTIONS
IN BOSTON BLUE CLAY
12.1 INTRODUCTION
Chapter 11 presents predictions of the pore pres-
sure dissipation that takes place after deep steady cone
penetration is interrupted utilizing the normalized initial
excess pore pressure distributions derived by means of the
strain path method (in Chapter 8) for penetration in nor-
mally to slightly overconsolidated Boston Blue Clay
(OCR < 3). Results of linear consolidation analyses in
Chapter 11 indicate that: (a) the horizontal coefficient
of consolidation, ch , governs the pore pressure dissipa-
tion around piezometer probes, i.e., the vertical co-
efficient of consolidation, cv , has very little effect on
the shape of the dissipation curves as long as the time
factor is evaluated from T = cht/R2 (R = shaft radius), and;
(b) the coupling between total stresses and pore pressures
has little effect on dissipation in a linear elastic
material (except at the cone apex where numerical diffi-
culties prevent more definitive conclusions). Moreover,
results of nonlinear consolidation analyses presented by
Randolph et al. (1978) suggest that pore pressure dissi-
pation on the cone shaft is not significantly affected by
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soil nonlinearities.
This chapter evaluates pore pressure dissipation pre-
dictions based on linear uncoupled solutions (derived in
Chapter 11) by means of extensive in situ measurements in
a thick deposit of Boston Blue Clay in Saugus, Massachusetts
(see Chapter 2 for information on the site) using 180 and
600 cones.
Typical dissipation curves are first presented. The
predicted dissipation curves at different locations on 180
and 600 probes are then compared to measurements in the
soft BBC below a depth of 60 ft (where OCR < 2) in order to
evaluate the predicted effects of porous stone location and
cone angle.
A method for predicting ch , where predicted and
measured dissipation records are matched at selected
dissipation levels, is proposed and applied to the complete
BBC deposit for different cone angles and stone locations.
Finally, the values of the horizontal coefficient of
consolidation, ch, predicted from dissipation records are
compared with existing estimates of consolidation and per-
meability properties at the Saugus testing site and the
merits of different probe designs are discussed.
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12.2 TYPICAL PENETRATION RECORDS
Extensive pore pressure dissipation records were ob-
tained in the Boston Blue Clay (BBC) deposit described in
Chapter 2. Appendix J presents this data including a
summary table for each testing location (hole), a plot of
penetration pore pressures with depth, dissipation records
at each depth where penetration was interruptedi and the
predicted profile of ch versus depth.
Figure 12.1 presents typical pore pressure dissipation
records at 4 depths (20, 40, 50 and 68 feet) in the BBC
deposit obtained by means of an 180 conical probe with the
porous stone located at the cone apex (see Fig. 2.2). The
excess pore pressure, Au, at any time, t, equals (u - uo )
and the initial excess pore pressure Aui equals (ui - uo )
where u is the measured pore pressure at time t; u.
is the initial (measured at t = 0 or during steady
state penetration) pore pressure and u0 the final (or static,
measured or-estimated) pore pressure after full dissipa-
tion has been completed, respectively. Therefore, the
ratio u decreases during consolidation from unity to zero
The last two columns in Fig. 12.1 gives the values
of u and u..
o 1
In some cases, u increases during early stages of
consolidation becuase of soil variability, or due to
the special location of the porous stone,but more often
indicates poor deairing of the stone.
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and provides a good measure of the degree of consolidation
(= 1 - u).
Figure 12.1 clearly indicates that dissipation of ex-
cess pore pressures becomes much slower with depth in the
BBC deposit. At a depth of 20 ft most of the dissipation
(u = 0.2) is completed in 6 seconds whereas at a depth of
68 ft,only 30% consolidation (u = 0.7) takes place after
100 seconds.
In evaluating dissipation results plotted as u vs.
log t (Fig. 12.1), it is interesting to note that, according
to linear uncoupled analyses,two soils with the same
normalized distribution of initial excess pore pressures
(caused by steady penetration) but with different values
of the horizontal coefficients of consolidation, ch , must
have parallel (or horizontally shifted) dissipation
curves. Furthermore, the amount of horizontal shift re-
quired to reach one dissipation curve from another indi-
cates the ratio between ch for the two soils. This simple
rule is quite useful to evaluate theoretical predictions
and assess the importance of measurement scatter. When
applied to Fig. 12.1 this rule indicates that:
a) the dissipation curve at a depth of 50 ft can
be obtained by shifting the curve at 68 ft by a horizontal
distance (to the left) approximately equal to 2 (see scale
of log t). This indicates that linear uncoupled analyses
are applicable at these depths using the same distribution
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of normalized initial excess pore pressures. Further-
more, ch at 50 ft is roughly twice larger than ch at
68 ft.
b) The dissipation curve at depth of 40 ft (or 20 ft)
cannot be obtained by horizontally shifting the curve at
68 ft (or 50 ft). This indicates that: either the initial
distribution of excess pore pressures are different (as
suggested in Chap. 8) or that linear uncoupled analyses
are not applicable at shallow depths.
12.3 EVALUATION OF PREDICTIONS:
EFFECT OF CONE ANGLE AND POROUS STONE LOCATION
This section attempts to answer two basic questions:
1) Is the initial distribution of excess pore pres-
sures estimated by the strain path method (Chapt. 8)
adequate for dissipation predictions?
2) Are predictions based on uncoupled analyses suf-
ficiently accurate for estimating dissipation rates ?
This is achieved by comparing predictions and measure-
ments of excess pore pressure dissipation at different
locations on the cone and the shaft behind it as well as the
effect of cone angle on dissipation.
12.3.1 Effect of Porous Stone Location
Figure 12.2 compares predicted and measured values of
the normalized excess pore pressure, u (= Au/Auo ) vs. time
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at four different locations on an 180 conical probe. The
predicted curves (heavy lines) in Fig. 12.2 are directly ob-
tained from the results in Fig. 11.4 assuming that
ch = 0.04 cm2/sec and substituting the appropriate value
of R = 1.91 cm in the expression for the time factor
T (= cht/Rý. The shaded bands represent the range of
*k
selected dissipation records below a depth of 60 ft in the
BBC deposit in Saugus, Mass. The selection of dissipation
records for this comparison is performed on the basis of
consistency in order to minimize discrepancies due to
natural soil variability and, in some cases, to elminate
clearly unacceptable results caused by poor deairing of the
porous stone.
The results in Fig. 12.2 indicate that:
1) stone at the cone apex (Fig. 12.2 a); the measure-
ment band falls between the predicted dissipation
curves at the cone apex and the mid-cone,but remains
closer to the latter at most dissipation levels. This
result is not surprising since predictions consider a
complete conical tip, whereas measurements are con-
ducted with a probe having a cylindrical porous stone
This assumption is discussed subsequently and is
believed to provide a reasonable estimate of ch for the
clay below a depth of 60 ft at the Saugus site.
**
Records selected are clearly identified in
Appendix J.
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at the tip, see Fig. 12.2.a and Fig. 2.2 .
The dashed (heavy) line in Fig. 12.2.a represents
the "average" dissipation curve obtained, at any time
t, by averaging the predicted normalized excess pore
pressure, u, at the cone apex and mid-cone. This
semi-empirical "average" dissipation curve shows very
good agreement with measurements (especially when
u < 0.6) and will be used subsequently to predict
the horizontal coefficient of consolidation, ch , from
dissipation records obtained with the 180 piezometer
probe when the porous element is located at the cone
tip (Fig. 2.2).
2) Stone at mid-cone (Fig 12.2.b); compared to the
case of the cone tip, theoretical predictions of pore
pressure decay at mid-cone are more reliable be-
cause of (a) predictions are based on the same cone
geometry used in tests, and; (b) the analytical
uncertainties are reasonably small (e.g. low level
of linear coupling, pore pressure gradients and
numerical instabilities near the cone axis), therefore,
the assumed values of the coefficient of consolidation
in Fig. 12.2, ch = 0.04 cm2/sec, was actually
selected to provide the best agreement between measure-
ments and predictions at mid-cone (Fig. 12.2.b). How-
ever, it is important to note that the shape of the
predicted dissipation curve is not affected by the
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value of ch and exhibits very good agreement with
measurements up to u = 50%.
3) Stone at the base of the cone (Fig. 12.2.c);
Relatively few experiments were conducted with the
porous stone at the base of the cone [One testing
location (hole) and 8 depths (dissipation records)] -
and dissipation was interrupted at relatively small
consolidation levels (u = 0.7). Nevertheless,
records are consistent, plot in a relatively narrow
band, and exhibit a slower dissipation rate than pre-
dicted.
4) Stone far behind the cone (Fig. 12.2.d); pore
pressure dissipation far behind the tip is of parti-
cular interest becuase it simulates the condition along
pile shafts after driving. The predicted dissipa-
tion curve (heavy line in Fig. 12.2.d) corresponds
to solutions obtained at a distance 10 R (R = radius
of the shaft) behind the cone apex (location 4 in
Fig. 11.4) and was shown (in Sec. 11.1) to be very
close to one-dimensional solutions simulating the
shaft conditions far behind the tip. The measured
dissipation curves are obtained at a distance 16 R
Dissipation behind the tip requires approximately
one log cycle of time more than the tip.
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behind the tip where a uniform condition along
the shaft is closely reached (see Fig. 8). Clearly,
measurements fall in a narrow band and take longer to
dissipate than predicted. For example, when
0.7 < u < 0.8, the predicted time to reach a given
u is approximately 2.5 times less than measured.
12.3.2 Effect of Cone Angle
Figure 12.3 compares predicted and measured normalized
excess pore pressure dissipations at the apex of a 600
probe. The predicted (heavy) curve corresponds to linear
uncoupled solutions at the apex of the cone (which are
very close to mid-cone solutions, Fig. 11.6 ) and assumes
ch = 0.04 cm2/sec (as in Fig. 12.2). The shaded area
represents the range of selected dissipation records that
indicates significant scatter at early stages of consolida-
tion (t < 1000 sec, say) especially when compared to
results of the 180 cone (Fig. 12.2). The results in Fig.
12.3 show a good agreement between predictions and
measurements up to 50% consolidation (u > 0.5). At later
consolidation stages (u < 0.5) the theory "slightly"
overpredicts the dissipation rate as in the case of the
shaft behind an 180 cone.
This does not necessarily imply a small experimental
scatter but probably reflects the small number of avail-
able records (3 depths).
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12.3.3 Summary of Comparisons
Predictions of excess pore pressure dissipation based
on linear uncoupled solutions lead to good agreement with
measurements (at different locations on an 180 cone and at
the tip of a 600 cone) at the early stages of consolidation.
This suggests that the initial distribution of excess pore
pressures estimated by the strain path method (Chap. 8) is
reasonably accurate. On the other hand, predictions at
later stages of consolidation tend to overestimate dis-
A
sipation rates especially on the shaft behind the 180 cone
and the tip of the 600 cone. This discrepancy is believed
to result from coupling, nonlinearities, and various
levels of soil remolding around the cone so far ne-
glected in the analysis. The decrease in the (drained
volumetric) soil stiffness with the increase in effective
stresses during consolidation provides the most reasonable
explanation for the delay in measured dissipation rates.
The accuracy achieved by linear uncoupled solutions
in estimating ch (within a factor of 1.5 to 2.5) is be-
lieved to provide adequate predictions for most practical
purposes, especially in view of other existing methods of
determining in situ values of ch and the scatter of experi-
mental results due to inherent soil variability. More
By underestimating the time, to reach a given degree
of consolidation by a factor of 1.5 to 2.5.
Leading to a nonuniform ch in the soil.
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sophisticated analyses would be necessary only if mea-
surements conducted to large degrees of consolidation (say
u < 0.1) indicate a more significant deviation from
predictions. However, the designer using ch values
estimated from dissipation records by means of linear
uncoupled solutions (recommended herein) should bear in
mind that these ch values apply to reloading conditions
(after severe shear straining or slight remolding has
taken place), might be slightly overestimated if the de-
gree of consolidation achieved is low (u> 0.5) and are sig-
nificantly higher than needed to predict foundation perfor-
mance involving soil consolidation in the normally
consolidated range.
Table 12.1 presents the recommended factors to inter-
pret dissipation records obtained by means of 180 probe
when the stone is located at the tip and at mid-height;
and, for a 600 probe with the stone at the tip. The coef-
ficient of consolidation ch at a given degree of consolida-
tion is evaluated by dividing the factor R2T (in Table 12.1)
by the measured time necessary to achieve this dissipation
level.
12.4 COEFFICIENT OF CONSOLIDATION PROFILES
A major advantage of dissipation tests conducted
by means of conical probes is that they are rapidly
Not performed herein.
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performed and hence enable profiles of the
coefficient of consolidation, ch , (and possibly the co-
efficient of permeability, kh) vs. depth to be obtained
economically. Such profiles are expensive to develop
through other in situ or laboratory tests, are essential
for many important geotechnical decisions to be rationally
made (see Chap. 9) and are necessary for reliably evaluating
the performance of foundations.
This section investigates the capability of conical
probes to establish profiles of ch (and possibly kh) in
the BBC deposit and, in addition, attempts to answer the
following two basic questions.
1. What cone angle and what location of the porous
stone provides the most reliable profiles? and,
2. What degree of consolidation (or dissipation
time) is necessary to obtain reasonably accurate
profiles?
The following ch profiles are based on the results
in Table 12.1 obtained from linear uncoupled dissipation
analyses using the initial excess pore pressures derived
by the strain path method (Chap. 8). These initial dis-
tributions were found to provide good agreement with mea-
surements for the BBC deposit below a depth of 40 ft
having an OCR < 3 (Chapter 8); therefore, predictions
Which are, in turn, necessary to evaluate the esti-
mated profiles.
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of ch above 40 ft correspond to an inaccurate (if not in-
correct) initial distribution of excess pore pressures and
thus are not as reliable as the profiles below 40 ft.
Finally, adequate theoretical modelling of dissipation can
be detected in the following profiles if ch does not
depend on the consolidation level.
12.4.1 180 Piezometer Probe with Measurements at Mid-Cone
Figures 12.4 through 12.8 show the predicted profiles
of ch in BBC (at Saugus, Station 246) obtained by
matching prediction and measurements at 20, 40, 50, 60
and, 80% dissipation. The solid line in each figure
represents a reference line for comparisons which is later
shown to provide the best estimate of the ch profile.
Results in Figs. 12.4 through 12.8 indicate that:
a) at 20% consolidation, the (ch) 20data in Fig.
12.4 exhibit significant scatter, especially above
45 ft where, at a given depth, ch can vary within one
log cycle. Furthermore, most of the data above 45 ft
estimate a lower ch than the reference profile and
below 45 ft estimate a higher ch than the reference
profile;
b) the scatter is significantly reduced when 40%
(Fig. 12.5) and 50% (Fig. 12.6) consolidation are
reached. Furthermore, (c h) and (ch) data are
very close and more evenly distributed about the
reference profile; and,
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c) at high consolidation levels, (Ch)60 and
(Ch)Se (Figs. 12.7 and 12.8) exhibit approximately
the same features as (Ch) but tend to over-
estimate ch in the upper deposit and underestimate
ch in the lower deposit (below 45 ft). Note that
the number of data points at high consolidation levels
is reduced by the long dissipation times required
especially in the lower deposits.
12.4.2 180 Piezometer Probe with Stone at Tip
Figures 12.9 through 12.13 show predicted profiles
of ch in BBC obtained by matching prediction and mea-
surements at 20, 40, 50, 60 and, 80% dissipation. Results
indicate that:
a) at 20% dissipation (Fig. 12.9) (Ch) 20 data
exhibit considerable scatter at any depth and are
generally smaller than the reference profile. The
scatter is constitent with the wide band of measure-
ments in the u vs. log t plot (Fig. 12.1.a);
b) the experimental scatter is somewhat reduced in
the profiles of (c h) and (Ch) (Figs. 12.10 and
12.11) and the predictions are well centered about
the reference profile, and;
c) the predicted profiles of (Ch)6 and (h)
(Figs. 12.12 and 12.13) are very similar to that of
(ch)so (Fig. 12.11) but contain much less data points.
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12.4.3 600 Piezometer Probe with Stone at Tip
Figures 12.14 through 12.18 show predicted profiles
of ch in BBC obtained by matching predictions and mea-
surements at 20, 40, 50, 60 and 80% dissipation, res-
pectively. Results indicate that:
a) at 20% consolidation (Fig. 12.14), the (ch) 2
exhibit considerable scatter.
In the upper deposit above 40 ft (c h)2 data are
significantly smaller than the reference profile
and in the lower deposit (ch)20 data are signifi-
cantly higher than the reference profile;
b) at 40% consolidation (Fig. 12.15), the (c ) data
h 40
are much more consistent and plot close to the
reference profile;
c) values of (ch) exhibit practically no scatter
but indicate a slightly lower value of ch
(= 0.03 cm2/sec) than the reference profile
(ch = 0.04 cm2/'sec) for the clay below a depth of
60 ft, and;
c) profiles of (ch) 0and (Ch) (Figs. 12.17 and
12.18) show similar features than that of (ch) s
(Fig. 12.16) but contain much less data points.
12.5 COMPARISON WITH LABORATORY MEASUREMENTS
AND FIELD PERFORMANCE
Figure 12.19 compares the predicted (reference)
profile of horizontal coefficient of consolidation, ch,
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obtained from dissipation records of conical probes with
relevant laboratory and field measurements consisting of:
a) constant rate of strain consolidation (CRSC) tests*
which were conducted by Germaine (1978) on good
quality undisturbed samples recovered from 6 selected
depths at the Saugus site. The data from these tests
consist of the vertical coefficient of consolidation
corresponding to: (1) the normally consolidated range
, cv(NC), after the estimated maximum past pressure
has been significantly exceeded; and, (2) the over-
consolidated range,.cv(SW), obtained during rebound
(swelling) at the corresponding estimated OCR;
b) profiles of cv (loading) estimated by Davis and
Poulos and Duncan (M.I.T., 1975) on the basis of in
situ pore pressure measurements conducted in the
foundation clay under the 1-95 embankment centerline,
about 200 ft from the cone penetration testing site,
since its construction in 1967 and up to 1974.
d) A range of swelling cv (unloading), back-
figured by Bromwell and Lambe (1968) on the basis
of in situ pore pressure dissipation measurements in
a thick BBC deposit due to a wide excavation for the
construction of the Student Center at M.I.T. The
soil deposit underlying M.I.T. contains a 50 ft BBC
Wissa et al., 1971.
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layer with very strong similarities with the BBC
below 50 ft at the Saugus site.
Noting that all available lab measurements and field
performance data correspond to vertical water flow, the
results in Fig. 12.19 indicate that the coefficient of
consolidation ch estimated by the piezometer probe is:
a) approximately 40 times higher than c (NC) ob-
tained in the laboratory and the values of cv (loading)
backfigured by Davis and Poulos and Duncan (M.I.T.,
1974).
b) approximately 2 times higher than values of
laboratory cv(SW) below a depth of 75 ft and 5 to 8
times higher above this depth.
c) Virtually identical to the backfigured values of
cv (unloading) obtained by Bromwell and Lambe (1968).
This strongly suggests that dissipation predictions
by the piezometer probe at 50% consolidation give
reasonable field rebound (or reloading) values of
ch and that BBC exhibits little anisotropy.
Moreover, the shape of the ch(u-probe) profile is very
close to that predicted by Duncan (M.I.T., 1975) and to the
more reliable variation in c (NC) with depth obtained from
CRSC laboratory tests.
Basically at 50% consolidation.
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In summary, the predicted profile (variation with
depth) of the horizontal coefficient of consolidation,
ch , derived from dissipation results around piezometer
probes appears reasonable. Matching of dissipation re-
sults at 50% consolidation predicts adequate values of
cv for field rebound (or reloading) analyses in BBC
after assuming that the clay is isotropic. However,
these values of cv are 2 to 8 times higher than c (SW)
determined from rebounding samples in the laboratory to the
estimated field values of OCR and about 40 times higher than
c (NC) determined either in the laboratory or the field.
These discrepancies can be reduced in the softer lower
clay (below 60 ft) by a factor of 1.5 to 2 if matching is
performed at higher consolidation levels (say 80%) or
assuming the clay to be anisotropic.
12.6 COEFFICIENT OF PERMEABILITY PROFILE
The coefficient of consolidation is proportional to
the product of the drained soil stiffness and the coef-
ficient of permeability. Knowing the profile of ch , it is
therefore possible to determine a profile for the hori-
zontal permeability, kh, for different estimates of soil
compressibility. The usefulness of this kh profile de-
pends on the accuracy of estimating relevant values of
compressibility as compared to other uncertainties in-
cluding the scatter of ch and the accuracy of estimating
kh by other methods. This section provides approximate
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profiles of kh at the Saugus site based on ch profiles
estimated earlier and compares predictions with existing
data on BBC.
Assuming that the clay has an isotropic
compressibility (see discussion in Chapter 9) and one-
dimensional straining of the soil, kh is given by:
kh = Ch mv Yw (12.1)
in which mv is the coefficient of volume change and yw
the unit weight of water.
In view of soil non-linearity, the coefficient of volume
change, mv , changes during consolidation and, for sim-
plicity, can be estimated during reloading by the
expression:
m RR log (1 + AP) (12.2)
v Ap PO
in which RR is the recompression ratio; po and Ap are the
initial and the change in effective stresses controlling
the volume change process during consolidation. For small
stress increments, Ap, Eq. 12.2 becomes:
1 RR
m - 2.3 (12.3)
v = 2.3 pPO
Substituting Eq. 12.3 into Eq. 12.1 we obtain:
1 RR
kh -2.3 o w ch (12.4)h23p,
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Figure 12.20 presents estimated profiles of kh for
selected values of the recompression ratio RR (= 0.005,
0.01, and 0.02). These profiles are computed from
-3 3
Eq. 12.4 with p0 = ývo, yw = 10 kg/cm 3 and the
profile of ch (u = probe) in Fig. 12.19. The selected
values of RR in Fig. 12.20 are believed to be reasonable
estimates for BBC when subjected to reloading mode of
compression during consolidation around conical
probes.
For comparison, values of the vertical coefficient
of permeability, kv , measured in CRSC tests (Germaine,
1978) are also plotted in Fig. 12.20. Comparing the
laboratory kv and field (piezometer probe) kh in the
lower clay (between depths 60 and 100 ft) we note:
1. In the lower more uniform BBC, below 75 ft,
kh predicted for RR = 0.01 agree with
-8k = 8.5(+1.5)*10 cm/sec.
2. In the upper BBC, between 40 and 75 ft,
102
kh obtained for RR = 10- 2 underpredicts
kv by a factor of two (approximately).
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In order to illustrate the uncertainty associated with
other in situ kh measurements, Figure 12.21 presents
"sensitivity" test results performed along the 1-95
embankment in Saugus (Recker, 1973). Sensitivity tests
basically consist of falling head permeability tests which
are conducted to check that field piezometers are func-
tioning adequately. Interpretation of these falling head
tests is very questionable (Bishop et al., 1964) and
were conducted in Fig. 12.21 by neglecting soil compres-
sibility. Clearly, the amount of scatter (on the order
of two log cycles) is unacceptable for design purposes
but the data show a general trend of decreasing per-
meability with depth.
Therefore, in spite of significant simplifications
in the analyses and uncertainties in estimating the re-
**
compression ratio, RR, the profiles of kh determined
from dissipation records around piezometer probes
appear valuable especially in view of other existing
methods of measuring kh in clays.
No significant reduction in scatter is expected if
soil compressibility is introduced in interpreting test
data.
Improved testing capabilties (e.g., more accurate
measurements of small strains and pore pressure changes in
a CRSC test) should significantly decrease the uncer-
tainties in RR.
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12.7 DISCUSSION OF PROBE DESIGNS
Table 12.2 describes the advantages and disadvantages
of various conical pore pressure probes used by M.I.T.
in three clay deposits. Important aspects in this
evaluation are: (a) resolution for soil profiling,i.e.,
detection of small scale soil variability; (b) cost of
manufacturing, maintaining (deairing and replacing porous
elements) and operating the probe; (c) repeatability
and scatter in dissipation results; (d) dissipation
time (to achieve varidus levels of consolidation and
measure the static pore pressure, uo) , (e) reliability
and degree of rationality in interpreting results; and,
(f) special importance of results to probe foundation
design and the interpretation of cone penetration re-
sistance testing. Table 12.2 clearly shows that
each probe design provides some attractive features but
no single design satisfies all requirements. In parti-
cular, some advantageous features for one application can
represent a disadvantage for another application. For
example, the 180 - tip is believed to provide the best
resolution for soil profiling, but leads to significant
scatter in the pore pressure dissipation at early times.
Therefore, the choice of a probe type must be made
after the objectives of the field investigation program
have been defined and the most critical parameters clearly
identified.
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12.8 SUMMARY AND CONCLUSIONS
The primary objectives of this chapter are to:
(a) evaluate theoretical dissipation predictions by
means of pore pressure measurements, at various locations
on probes with different cone angles, after deep steady
penetration in clay is interrupted and (b), determine
reliable and efficient methods for estimating the consoli-
dation and/or permeability characteristic of the soil
from dissipation records.
Predictions based on linear uncoupled consolidation
analyses using the initial distribution of excess pore
pressures determined by the strain path method (Chap. 8)
are compared to dissipation measurements in the soft
(OCR < 2) Boston Blue Clay deposit below 60 ft at the
Saugus site. The comparison (Figs. 12.2 and 12.3)
indicates that reasonably good dissipation predictions
are achieved at four locations on a 180 cone and at the
tip of a 600 cone when the horizontal coefficient of
consolidation ch = 0.04 cm2/sec. Additional results of
this comparison show that:
1. At early dissipation levels (u > 0.8), mea-
surements fall in a wide band and hence lead to signi-
ficant uncertainties (scatter) in estimating ch. This
is particularly true when the porous stone is located at the
tip of the cone (Figs. 12.2a and 12.3).
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2. At advanced consolidation stages (u < 0.6, say)
dissipation tends to proceed slower than predicted (Figs.
12.2b, c, d and 12.3). This is believed to result from
soil nonlinearities and, in particular, the changes in
the (drained) soil compressibility during consolidation.
3. The interpretation of dissipation results obtained
where the porous stone is located at the tip of an 180
cone requires a semi-empirical procedure because of the
difficulty of analyzing the actual cone geometry (Fig.
12.2a). In this procedure the degree of consolidation
(or u) is taken as the average of the predicted values at
the apex and mid-height of an ideal cone (geometry).
4. Dissipation records obtained on the shaft behind
an 180 cone plot in a narrow band but exhibit a slightly
slower rate of dissipation than predicted (equivalent to
a factor of about 2 in ch , Figs. 12.1.c and 12.l.d).
This could reflect inaccuracies in the initial distribu-
tion of excess pore pressures and/or nonlinear coupling
effects and/or creep effects (neglected in the proposed
prediction method) leading to faster dissipation ahead of
the cone. More tests conducted (with the porous stone
located on the shaft) to high consolidation levels and
tests involving measurements of total stresses on the cone
and the shaft behind it are necessary before more definite
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conclusions can be reached.
Based on these results, the recommended factors for
estimating ch from dissipation records are summarized
(Table 12.1). Profiles of ch in the BBC deposit at Saugus
are then obtained at different dissipation levels for three
types of conical probes: a) an 180 cone with the stone
at the tip; b) an 180 cone with the stone at mid-height;
and c) a 60* cone with the stone at the tip. Profiles
of ch are difficult and expensive to develop through other
existing in situ and laboratory tests, and are essential
for many geotechnical applications. The profiling analy-
sis based on dissipation data indicates that:
1. At early dissipation stages (u = 0.8) the scatter
of the data is so high that reasonable ch profiles cannot
be established. The scatter is particularly high when
the porous stone is located at the tip of the cone and
less severe when the stone is at mid-height.
2. All three probes provide consistent ch profiles
after 50% consolidation* (+ 10%) involving a very mod-
erate degree of scatter.
3. Values of ch estimated at high levels of con-
solidation (u = 0.2) are slightly lower than obtained
.When OCR < 3 and for which the initial pore pres-
sure distribution, estimated by the strain path method,
proved satisfactory (Chap. 8).
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at 50% dissipation in the lower clay* below 40 ft. and
higher in the upper more pervious clay.
The predicted profiles of ch after 50% dissipation
are then compared with laboratory and field measurements
of the vertical coefficient of consolidation, cv, in BBC
(Fig. 12.19). This comparison indicates that
1. The predicted variation of ch with depth is con-
sistent with the trends of c (NC) measured in the labora-
tory in the normally consolidated range and the profile
of cv (loading) backfigured by Duncan (MIT, 1975) and
Davis and Poulos (MIT, 1975) on the basis of in situ pore
pressure measurements conducted in the foundation clay
under the 1-95 embankment for a period of 7 years after
construction.
2. The predicted magnitude of ch in the lower soft
clay below a depth of 60 ft., say, is
a) very close to c (unloading) backfigured by
Bromwell and Lambe (1968) on the basis of in situ
pore pressure measurements in a very similar BBC
deposit due to a wide excavation.
b) about twice higher than c (SW) obtained dur-
ing rebound (swelling) of samples in CRSC tests
at the estimated in situ OCR of the clay.
c) approximately 40 times higher than c (NC) or
Cv (loading) described above.
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3. The predicted magnitude of ch between depths
40 to 60 ft. overestimates c (SW) by a factor of 8.
Based on the above results, the following conclusions
may be advanced.
1. BBC exhibits little anisotropic behavior (i.e.,
ch Z. c).
2. Estimates of ch at 50% dissipation provides
reasonable profiles to be used in foundation problems
involving unloading and reloading of overconsolidated
clays provided that the maximum past pressure is not
approached. Some reduction of ch (by a factor of 2 to 8)
might be necessary to match laboratory data.
3. For problems involving consolidation of the
clay beyond the maximum past pressure, a significant
reduction of ch obtained by the recommended procedure at
50% consolidation is required to account for the increase
in clay compressibility in the normally consolidated
range.
An approximate method for estimating profiles for
the horizontal coefficient of permeability kh from ch
(profiles) is proposed. In spite of significant simpli-
fying assumptions and uncertainties in estimating soil
compressibility (RR), the predicted profiles of kh
appear reasonable when compared to limited laboratory data.
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In fact, when evaluated in comparison to other existing
in situ tests, the predicted profiles of kh might even
prove valuable for design purposes.
Finally, the merits of different probe types are
discussed (Table 12.2). Each probe type provides some
attractive features and the choice of probe (cone angle
and location of porous stone) for a particular job can
only be made after the objectives of the field investiga-
tion have been defined.
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NOTES: The conclusions in this table are based on M.I.T.
experience in three clay deposits. Different
probe designs and/or procedures in other clays
might lead to different conclusions.
See Fig. 2.2 for piezometer schematics.
Table 12.2 Evaluation of different probe designs.
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PIEZOMETER
TYPE ADVANTAGES DISADVANTAGES
-Very sensitive to local soil -Stone exposed to bending
variability hence, very good damage by gravels and
for soil profiling other obstructions
18 TIPo -Fast dissipation hence econom- -Large scatter in dissipa-ical to operate, especially tion curves at early times
to evaluate the in situ static and significant scatter at
pore pressures later times
-Inexpensive design -Geometry difficult to
include in theoretical
analyses hence requires
semi-empirical interpreta-
tion
-Little scatter in ch when match- -Stone exposed to bending
ing done at intermediate times damage
(t40 < t < t60, say) -Large scatter in dissi-
-Fast dissipation pation curves at early
600 TIP -Inexpensive design times hence requires at
-Rational interpretation despite least 40% dissipation
geometry to determine ch.
-Provides insight into penetration
mechanisms with dutch cone (same
cone angle)
-Reasonable dissipation time -More exoensive design
180 -Reasonable scatter in dissipation (need special porous
curves even at early times elements)
Mid-Height -Rational theoretical predictions -Porous stone is easily
-Stone well protected from struc- smeared during penetra-
tural damages tion in granular materials
-Close simulation of pile instal- -Very long dissipation
lation hence, useful in pile time (i.e., expensive
18' or 600 design to operate)
-Very little scatter in dissipation -Not very sensitive to
With Stone curves small scale soil vari-
on Shaft -Easier to interpret ability (i.e., tendency
-Appears to provide estimates of ch to average out pore
closer to normally consolidated pressure)
values -More difficult to keep
-Excellent protection for the the stone well drained
porous stone -More expensive design
-. - - 0 0 0 0 0 0~ 0 0
Figure 12.1 Typical normalized dissipation curves at selected depths in
Boston Blue Clay (Sauaus): 180 piezometer probe with stone
at the cone apex.
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Figure 12.4 Predicted profile of ch in BBC (Saugus, Stat. 246):
180 mid-height, 20% dissipation.
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Figure 12.5 Predicted profile of ch in BBC (Sauqus, Stat.
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Figure 12. 6 Predicted profile of ch in BBC (Saugus, Stat. 246):
180 mid-height, 50% dissipation.
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Figure 12.7
LJ '(H d3-
Predicted profile of ch in BBC (Sauaus, Stat. 246):
180 mid-height, 60% dissipation.
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Figure 12.8 Predicted profile of ch in BBC (Saugus, Stat. 246):
180 mid-height, 80% dissipation.
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180 tip, 20% dissipation.
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Figure 12.10 Predicted profile of ch in BBC (Saucus,
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Figure 12.11 Predicted profile of ch in BBC (Sauqus, Stat. 246):
180 tip, 50% dissipation.
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Figure 12.12 Predicted profile of ch i
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Figure 12.13 Predicted profile of ch in BBC (Sauqus, Stat. 246):
180 tip, 80% dissipation.
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Figure 12.16 Predicted profile of ch i
600 tip, 50% dissipation.
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Figure 12.17 Predicted profile of ch i
600 tip, 60% dissipation.
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Figure 12.18 Predicted profile of ch in BBC (Saugus, Stat. 246):
600 tip, 80% dissipation.
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CHAPTER 13
RECOMMENDED INTERPRETATION METHOD
13.1 INTRODUCTION
This chapter provides recommended procedures to the
geotechnical engineer in order to estimate profiles of the
coefficient of consolidation in clays from dissipation records
of pore pressures after interruption of deep steady cone pene-
tration. Important practical aspects related to the prepara-
tion, performance and interpretation of dissipation tests are
reviewed. The proposed method is then applied to a varved
clay deposit and results are compared to existing laboratory
data.
13.2 PREDICTION METHOD
This section reviews the steps required to predict the
horizontal coefficient of consolidation, ch , from dissipation
records around piezometer probes. Three probe designs are
considered*: 180 - cone with the porous stone at the tip,
180 - cone with the stone at mid-cone and; 600 - cone with the
stone at tip.
13.2.1 Normalized Dissipation Curves
The first step in the prediction method consists of
normalizing dissipation records and plotting u vs. log t:
- u-u
u = o (13.1)U.-U1 O
where u is the normalized excess pore pressure (at time t), u0 the
The method also applies to probes where the porous stone
is located on the piezometer shaft. However, because of the
long dissipation time required to reach reasonable dissipation
levels, these probes are not practically attractive.
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static (or in situ) pore pressure, u. the initial (or pene-1
tration) pore pressure at t=0 and, u, the pore pressure rec-
orded at time t. In general, the normalized excess pore
pressure, u, decreases monotonically from 1.0 (at t=0) to
0 (t~.0).
13.2.2 Choice of Records
An important step in predicting reliable ch profiles
is to identify and eliminate unusual dissipation records caused
by high soil variability or improper performance of the
piezometer probe. This operation requires engineering judge-
ment and some experience. Unusual records are characterized
by:
a) A much higher (or much lower) initial pore pressure,
u i ' that may be easily detected in a plot of penetration
pore pressure versus depth;
b) A fluctuation or an increase in pore pressure (or u)
for a significant period of time (more than 10 sec, say)
after penetration stops.
13.2.3 Applicability of the Prediction Method
Results of linear uncoupled consolidation analyses per-
formed in Chapter 11, and recommended herein to predict ch
,
are based on the initial normalized excess pore pressure dist-
ributions derived (in Chapter 8) by means of the strain path
method for normally consolidated Boston Blue Clay. These
distributions lead to good agreement with in situ pore
pressure measurements at a) different locations along the cone
and the shaft behind it in BBC having an OCR<3, and b) around
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pile shafts in other types of clays (Chap. 8). However, when
dissipation tests are first conducted in a different clay, it
is important to assess the validity of the prediction method
for this particular clay, i.e., check the applicability of
linear uncoupled analysis and the initial distribution of the
normalized excess pore pressure. This can be achieved graph-
ically by comparing the measured normalized dissipation
(u vs log t) curves with the recommended curves of u vs log T
(T=ch t/R2 , R=shaft radius) shown in Fig. 13.1. The measured
dissipation curve (u vs log t) is first plotted to the same
scale of u vs log T and then translated horizontally with
respect to the predicted curve (while maintaining equality of
u) until the best agreement is achieved.
According to linear uncoupled analysis, the horizontal
translation reflects changes in ch whereas the shape of the
dissipation curve depends on the initial excess pore pressure
distribution around the probe. Therefore, a good agreement
between the measured and recommended normalized dissipation
curves provides a strong indication* of the applicability of
the prediction method to the clay at hand.
13.2.4 Evaluation of ch
At a given degree of consolidation, the predicted horiz-
ontal coefficient of consolidation ch is obtained from the
expression
R2T (13.2)
Ch- t
Chap. 10 shows that dissipation curves are very sensitive
to the initail distribution of excess pore pressures.
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where R is the radius of the cone shaft, t is the measured
time to reach this degree of consolidation; and, T is the time
factor. Table 13.1 provides the recommended values of T for
different probe types at various degrees of consolidation.
An analytical method* to evaluate the validity of the
prediction method consists of determining ch at different
dissipation stages, i.e., different u. Large differences be-
tween ch at various degrees of consolidation indicate an
inadequate initial distribution of excess pore pressures or
significant coupling or nonlinearities.
13.3 PRACTICAL CONSIDERATIONS
13.3.1 Performance of the Piezometer Probe
One of the essential factors affecting the quality, and
hence the reliability of dissipation records is the design and
deairing of probes.
A good design must lead to a rigid system capable of
providing a very rapid response with a minimum inflow of water
into the system. In addition, it should enable the user to
easily assemble, dissassemble, deair and maintain the probe
deaired until in situ tests are perfomed.
A deairing technique at least as careful as currently
adopted at M.I.T. (see Section 9.3) is strongly recommended.
Crude deairingin thefield is not acceptable. Checking of the
response before field testing is important. This can be achi-
eved by moving the probe quickly up and down in a bucket of
Equivalent to the graphical method described in Sec.
13.2.3
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water. Discard the probe if any sluggish tendency is detected
because, in the soil, access to water is more difficult and
hence the response will be even slower. A better judgement
on response can be made byexamining records of pore pressures
during cone penetration and their subsequent dissipation.
Improper response leads to the following features in the
records: (a) smooth(vs. sharp) changes of pore pressures
during penetration; (b) a prolonged rise in pore pressures
after penetration has stopped; and,(c) a slow increase in pore
pressures when penetration resumes. If one of these features
is observed, the test should be stopped and a new piezometer
installed.
13.3.2 Static Pore Pressure
The evaluation of the normalized excess pore pressure,
u, requires an estimate of the static (or in situ) pore
pressure, u , in the soil prior to penetration (Eq. 13.1).
The results in Fig. 11.12 show that an error in the estimated
u causes a significant change in the normalized dissipation
curve* and this leads to errors in ch.
Reliable measurements of uo can, at best, be performed at
selected depths by
a) leaving the piezometer probe in the ground to achieve
total dissipation. In clays, this may require days at
each depth and hence cause severe delays in exploration and
interpretation of results;
The effect is first negligible and then increases with
time.
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b) installing semi-permanent piezometers (such as
Casagrande or GEONOR M206) to monitor u0 over extended
periods of time without interrupting cone penetration
testing, and;
c) recording the pore pressure during penetration in a
"clean" sand layer where the penetration pore pressure
usually deviates very slightly from u0 (see Fig. 2.6)
Therefore estimates of uo for predicting ch require
interpolation of measurements at selected depths. The profile
of penetration pore pressures can prove valuable in identifying
and selecting key elevations where u0 measurements are more
likely to detect "unusual" situations (artesian pressure,
under-consolidated clay, .. etc.)
13.3.3 Dissipation Time
Steady cone penetration is usually conducted in depth
increments determined by the length of the pushing rods
(typically 5 ft or im). Installation of a rod takes about
one minute during which pore pressure dissipation can be
routinely recorded at no additional cost to the testing pro-
gram. In typical onshore testing, an additional minute or
two of waiting will not cause serious delays.
In 3 minutes, lean over-consolidated clays can reach 40
to 60% consolidation and hence provide meaningful results. On
the other hand, soft plastic clays might achieve only 10 to
20% consolidation in 3 minutes. Experience in BBC indicates
that, at these low dissipation levels, estimates of ch are not
very reliable and involve significant scatter (see Chap. 12).
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Therefore, longer dissipation times (say 30 min to achieve
50% consolidation) are required in impervious clays at least
at selected depths in order to calibrate results obtained at
lower consolidation levels.
13.4 APPLICATION OF THE PREDICTION METHOD TO
A VARVED CLAY DEPOSIT
In 1977, M.I.T. conducted cone penetration and pore
pressure measurements in a Connecticut Valley Varved Clay
(CVVC) on the campus of the University of Massachusetts in
Amherst, Massachusetts*. The soil conditions at the site are
presented in Fig. 13.2 as obtained from a typical sampling
and laboratory testing program. Fig. 13.3 shows the undrained
shear strength of the clay, su , as determined by the (Geonor)
field vane test and SHANSEP procedure (Ladd and Foott, 1974).
The SHANSEP strengths are based on plane strain compression
(PSC) and direct simple shear (DSS) test results and the
estimated stress history (OCR=~ vm/vo) in Fig. 13.2. Further-
more, Fig. 13.4 presents the cone resistance, qc, from two
standard FUGRO cones (600 angle pushed at 1 to 2 cm/sec.)
Pore pressure measurements were performed at the tip of
600 and 180 cones primarily to determine the pore pressures
during cone penetration. Therefore, most of the dissipation
records are very short, lasting approximately 1/2 to 1 minute
with few exceptions.
This section applies the recommended procedures to estimate
Refer to Baligh et al. (1978) for more detailed inform-
ation on the site.
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ch for CVVC from dissipation records and compares predictions
with laboratory data
13.4.1 Static Pore Pressure
The static pore pressure, u , at the Amherst site are
relatively easy to estimate because of geological consider-
ation and measurements of u obtained in the very perviousO
layers above 10 ft and below 63 ft depth, approximately. By
linear interpolation, the static pore pressure, u , at a depth
z is given by:
uo = 0.02846 z + 0.1118 (13.3)o
in which u0 is in kg/cm 2 and z in feet.
13.4.2 Normalized Dissipation Records
Appendix K presents normalized dissipation plots (u vs.
log t) obtained at various depths with the 180 and 600 cones
(stone at tip). Preliminary examination of these curves shows
that dissipation takes place very rapidly above 10-15 ft and
below 63 ft, approximately. Tests considered inadequate for
estimating ch are identified in the summary tables of Appendix
K. In these tests, full dissipation takes place in a few
seconds and, therefore, cannot be interpreted reliably.
13.4.3 Applicability of the Prediction Method
Figure 13.5 shows the dissipation curves at a depth of
37 ft as measured at the tip of 180 and 600 cones, and;
recommended curves as predicted for a coefficient of consol-
idation ch = 0.1 cm 2/sec.
Results in Fig. 13.5 indicate that:
a) the measured dissipation curve at the tip of the
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180 probe exhibits a slightly steeper slope than the
recommended curve (Fig. 13.5 a), and;
b) the measured dissipation curve at the tip of the
60* probe is slightly oscillating at early times
(t < 10sec) but is very close to the predicted curve at
later times (Fig. 13.5 b).
In conclusion, the overall agreement between measurements
and predictions is considered remarkably good* and the recom-
mended method of predicting ch can thus be used for CVVC (at
least in the same layer where the tests in Fig. 13.5 were
conducted, i.e., between depths 15 ft and 63 ft).
13.4.4 Predicted Profile of ch
Figures 13.6 and 13.7 present results from pore pres-
sures obtained with 180 and 600 conical probes (with the
stone at the tip) in CVVC. These data include penetration pore
pressure, ui, and profiles of ch evaluated according to the
recommended method in section 13.2.4.
Results in Figs. 13.6 and 13.7 indicate that:
1) Penetration pore pressures, u, obtained by the 180
probe (Fig. 13.6) are consistent with the 600 probe
(Fig. 13.7) and the cone resistance profiles, qc (Fig.
13.4);
2) qc and u.i provide more detailed information on pro-
filing and variability than regular laboratory tests
In view of the very different behavior of Amherst varved
clay comparedto Boston Blue Clay for which predictions were
developed
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(Fig. 13.2) or field vane tests (Fig. 13.3). In
particular, the middle clay between 15 ft and 63 ft is
clearly identified as a very uniform layer with minor
nonhomogeneities at depths 19,36 and between 50 to 63 ft;
3) most of the ch data areobtained at low dissipation
levels (20%). In spite of significant scatter in (Ch)20'
both 180 and 600 probes identify the middle clay layer
[depths 10 (or 15) to 63 ft] as having a much lower
consolidation coefficient (.about 10 times) than the upper
and lower layers;
4) at virtually all depths, (ch)2 0 is underpredicted*
with the 180 probe and overpredicted with the 600 probe.
These trends were observed in Boston Blue Clay as well
(Chapter 12) and are compatible with results in Fig.
13.5;
5) At a depth of 37 ft in the middle layer, the differ-
ence between ch evaluated at 40, 50, 60 and 80% dissi-
pation is very small and the values are very close for
both probes (ch=0.1 cm2/sec). Therefore, values of ch
evaluated at 40% dissipation are more reliable than
(Ch)20' and;
6) the solid lines in Figs. 13.6 and 13.7 obtained by
joining (ch)40 data represent the first estimate of the
ch profile in this deposit. Using some engineering
judgement and qc and ui data, the profile of c h , for
in situ consolidation in the over-consolidated range, is
Compared to ch at higher dissipation levels
-447-
probably better described by:
a) in the middle layer (depths 15 to 63 ft) ch is
more or less uniform and in the range of 0.15 ± 0.05
2
cm /sec.
b) in the upper and lower layers, ch is quite variable
because of natural soil variability and on the average
is probably one order of magnitude higher than the
middle clay.
No consolidation tests were performed on horizontal
samples to measure ch nor were field tests conducted by M.I.T.
on CVCC. Therefore, estimate of ch (OC) described below*
rely on consolidation and permeability test results assuming
that:
k
ch (OC) =  cv (OC) (13.3)
v
CR
and cv (OC) = cv (NC) (13.4)
where ch (OC) and cv (OC) are the horizontal and vertical
coefficients of consolidation in the overconsolidated range,
respectively; kh and kv are the horizontal and vertical
coefficients of permeability, respectively; cv (NC) is the
normally consolidated vertical coefficient of consolidation,
and; CR and RR are the compression and recompression ratios
of the clay.
Based on extensive results of constant rate of strain and
incremental oedometer consolidation tests conducted on
To be compared with the predicted ch profiles from
dissipation records.
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undisturbed samples recovered at Amherst*, Ladd (1975)
recommends that for CVVC:
-4
c (NC) = 12 (±6) x 10 cm/sec (13.5)
RR = 0.15 CR (for OCR = 3 to 10) (13.6)
Substituting from Eqs. 13.5 and 13.6 into 13.4, we get
for overconsolidated CVVC:
-4 2
c (OC) = 80 (± 40) x 10- cm /sec (13.7)
v
Furthermore, Ladd (1975) presents results of permeability
tests conducted in the laboratory on 4" cubical samples of
Amherst varved clay. The ratio of horizontal to vertical
permeability, kh/kv , was found to increase with depth and equal
to 4.5, 8 and 11 at depths 28, 43 and 67 feet, respectively.
Using the most conservative value of kh/kv = 4.5, Eqs. 13.7
and 13.3 give ch(OC) = 0.035(±50%) cm2/sec. The band of ch(OC)
estimated above from laboratory tests for recompression (and
OCR ranging from 3 to 10) is plotted in Figs. 13.6 and 13.7.
The results in Figs. 13.3 and 13.4 indicate that in the
middle layer (between depths of 15 and 63 ft), ch predicted
with the piezometer probe is approximately 2 to 6 times higher
than ch estimated from laboratory tests. However, this dis-
crepancy could be significantly reduced by using: a) a larger
value of kh/kv (9 instead of 4.5, say), and; b) a smaller
stress increment (i.e., OCR range) to estimate values of RR
(leading to a decrease in RR)
and five other locations in the Connecticut Valley.
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13.5 SUMMARY AND CONCLUSIONS
This chapter summarizes recommended methods for predicting
the horizontal coefficient of consolidation, ch , of clays
from pore pressure dissipation measurements on 180 and 600
cones after interrupting deep steady penetration. The pre-
diction method basically consists of evaluating ch at different
dissipation levels by matching measured and predicted dissi-
pation records (Table 13.1). The predicted dissipation
curves (Fig. 13.1) are based on linear uncoupled consolidation
solution derived in Chapter 11 for the initial excess pore
pressure distribution estimated by the strain path method for
normally consolidated Boston Blue Clay (Chap. 8).
Guidelines for the practicing engineer are provided in
order to: a) identify and eliminate bad records where high
soil variability and/or malfunctioning of the probe lead to
significant errors in the predictions, and; b) verify the
applicability of the prediction method to a new clay.
Important practical aspects of pore pressure dissipation
are reviewed and discussed. Special emphasis is made on the
deairing and rapid response of the probe, the possible errors
in estimating the static (in situ) pore pressure, uo and,
the time required for meaningful dissipation to take place.
The prediction method is then applied to results of diss-
ipation tests in Connecticut Valley Varved Clay (CVVC) at
Amherst, Massachusetts. Two sufficiently long dissipation
records indicate that predictions apply surprisingly well to
CVVC in spite of large differences in behavior from BBC. This
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result is especially important because it suggests that the
prediction method does not only apply to BBC for which the
method was developed.
Profiles of ch estimated from dissipation records in
CVVC, at Amherst, according to the proposed method (Figs. 13.6
and 13.7) show that:
a) The ch profile corresponding to 40% dissipation is
virtually identical for 180 and 600 cones. Furthermore,
the (ch)40 profile is very consistent with measurements
of cone resistance (Fig. 13.4) and penetration pore
pressure (Figs. 13.6 and 13.7) indicating two highly
variable layers above and below a very uniform varved
clay layer about 50 ft. thick, and;
b) when estimated after 20% consolidation, ch exhibits
significant scatter, is under-predicted by the 18* cone
and is over-predicted by the 600 cone.
No (laboratory or field)tests were conducted by MIT to
provide direct measurements of ch in CVVC. Therefore, the
predicted ch profiles obtained from dissipation records cannot,
at present, be rigorously evaluated. However, indirect estimates
of ch (OC) in the over-consolidated range were determined from
existing laboratory measurements of the vertical coefficient of
consolidation in the normally consolidated range, cv (NC); the
ratio of compression to recompression ratios, CR/RR, and; the
ratio of horizontal to vertical permeabilities, kh/kv.
A comparison between the predicted values of (ch)4 0 and
the estimated values of ch (OC) from laboratory tests on samples
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obtained from the uniform CVVC at Amherst indicates that
(Ch)40 is 2 to 6 times higher than ch(OC). However, this
discrepency may be entirely due to underestimating ch(OC).
Choosing a more realistic value of kh/kv = 9 (instead of 4.5)
and/or decreasing RR (from 0.15CR) provides better agreement
with predictions.
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CHAPTER 14
SUMMARY AND CONCLUSIONS
(1) Cone penetration testing provides a superior soil
exploration technique to establish stratification, determine
variability and perform soil identification; especially if
pore pressures generated by cone penetration are measured in
addition to cone resistance (Baligh et al., 1980).
(2) Due to the complicated nature of cone penetration,
research is needed to interpret test results and hence estimate
engineering properties of the soils for predicting foundation
performance and conducting foundation designs. Past research
at M.I.T. concentrated on estimating the undrained shear strength
of clays (Baligh et al., 1978). This research is primarily
aimed at estimating the consolidation and permeability of clays
from the pore pressure decay that takes place after steady cone
penetration is interrupted.
(3) Additional interesting aspects of this study include:
a) the applicability of cavity expansion approaches to deep
penetration and pile installation problems; b) the effects of
shear stresses along pile shafts on cavity expansion solutions;
c) the likelihood of soil hydrofracture due to pile installation;
d) the generalization of a deviatoric stress model and the
evaluation of its capabilities in predicting the undrained
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behavior of Boston Blue Clay in various laboratory shearing
tests; e) the development and evaluation of a shear induced
pore pressure model for clays subjected to undrained loading
along general strain paths; f) a comparison between predicted
and measured results of self-boring pressuremeter tests in
Boston Blue Clay to compare laboratory vs. field behavior of
clays, and; g) the effect of initial pore pressure distribution
around spherical and cylindrical cavities on pore pressure
dissipation at the cavity wall.
PENETRATION PORE PRESSURES
(4) The pore pressures, u, generated in the soil by steady
cone penetration are important because a) they represent the
initial conditions for the dissipation that takes place when
penetration is interrupted and b) they provide insight into
the mechanism of cone penetration and hence enable better
interpretation of the test results.
(5) Penetration pore pressures, u, are difficult to predict
because of the complicated behavior of soils; the large strains
and the complicated strainpaths to which the soil is subjected;
and, the boundary conditions at the cone-soil interface.
(6) Reliable measurements of u on a penetrating cone (or
the shaft behind it) require special care in order to insure
a very rapid response time of the measuring probe. Further-
more, meaningful measurements of the pore pressures in the
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soil surrounding a penetrating cone are extremely difficult
to conduct because of the interaction between soil deformations
and the measuring probe (See Chapter 2).
(7) Most of the existing methods for modelling cone pene-
tration (and pile installation) utilize one-dimensional cavity
expansion solutions. Chapter 3 reviews these solutions;
identifies the important aspects of soil behavior affecting
cavity expansion; proposes a numerical method for systematically
solving cavity expansion problems; and, solves two problems
previously treated in the literature because of their important
implications: the first shows that (contrary to conclusions
reached by Butterfield and Bannerjee, 1970) shear stresses on
the shaft behind a cone (or pile shaft) have little effect on
the cavity expansion solutions (stress and yielding zones in
the soil); and, the second indicates that (contrary to con-
clusions reached by Massarsch and Broms, 1977) hydrofracture
due to pile driving is unlikely in most clays.
(8) Deep cone penetration in clays is an axisymmetric
two-dimensional steady state problem which is essentially
strain-controlled, i.e., strains and deformations in the soil
are primarily imposed by kinematic requirements. For this type
of problem, Baligh (1975) proposes an approximate method of
solution called the "strain path method" consisting of four
basic steps: a) estimate the initial stresses; b) estimate
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an approximate strain field satisfying conservation of volume,
compatibility and boundary velocity requirements; c) evaluate
the deviatoric stresses at a selected number of elements by
performing laboratory tests on samples subjected to the same
strain paths or, alternatively, by using an appropriate soil
behavioral model, and; d) estimate the octahedral (isotropic)
stresses by integrating the equilibrium equations.
Chapter 4 describes the application of the strain path
method to deep steady cone penetration in clays and indicates
the need to develop: a) A method for estimating approximate
velocity fields and hence compute deformations and strain paths
of the soil during cone penetration; b) Appropriate models to
determine the deviatoric stresses and the shear induced pore
pressures corresponding to these strain paths c) A method to
estimate octahedral stresses by integrating the equilibrium
equations and hence determine cone resistance and penetration
pore pressures (See Figure 4.3).
(9) Predictions of velocities, strains and deformations
in saturated clays due to steady cone penetration- are conducted
in Chapter 5, assuming that the soil offers no shearing resist-
ance (i.e., behaving like an ideal fluid) utilizing the method
of "sources and sinks" of potential theory. The principal ad-
vantage of this prediction method is to provide analytic
expressions for the strain rates, everywhere in the soil, which
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can be accurately integrated to obtain strains and deformations.
This avoids the important errors associated with the more
obvious method of differentiating measured displacement fields
to obtain the strains.
Results obtained for 180 and 600 cones indicate that:
a) Strain paths caused by cone penetration are very complicated
and cannot be imposed by any one of the existing laboratory
tests; b) Cone penetration shears the soil at much higher rates
and to much higher levels of strains than common laboratory
tests; and c) Significant strain reversals take place behind
the cone base. This, together with shearing strains neglected
by (one-dimensional) expansion theories (E and E ) raises
rz zz
serious questions regarding the applicability of cavity expan-
sion solutions to penetration problems (cones and piles).
Finally, Chapter 5 shows reasonable agreement between the
predicted soil deformations and model test results. More
accurate experimental results are, however, needed.
(10) In order to determine the shear (deviatoric) stresses
in the soil, a comprehensive model is required to account for
the important aspects of soil behavior as related to cone
penetration: a) complicated strain paths including strain re-
versals (i.e., "loading" and "unloading"), and large non-recov-
erable strains; b) initial and stress-induced anisotropy
c) post-peak behavior, and; d) time-dependent deformations
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e.g., undrained creep and relaxation).
At the present time such a model is not available.
However, the deviatoric stress model introduced by Iwan (1967)
and Morz (1967); and applied to soils by Prevost (1977),
accounts for most of the above factors except for the time-
dependent (viscous) behavior of clays. The model is described
in Chapter 6 and is extended by means of a new strain-soften-
ing rule describing post-peak stress-strain behavior in order to
predict a more realistic behavior. Furthermore, based on
theoretical considerations, the model is shown to predict,
under plane strain conditions, the same peak strengths obtained
by the Davis and Christian (1971) elliptical model in the
special case when the ellipse degenerates into a circle.
Using soil parameters from triaxial tests on normally
consolidated resedimented Boston Blue Clay (BBC), the model
predictions are evaluated in Chapter 6 by comparisons with
other laboratory test results.
These comparisons show that:
a) Reasonably good predictions are obtained
in plane strain compression and extension
tests, especially in describing the post-
peak behavior;
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b) The simple softening law describing
repeated loading leads to good agree-
ment with results of cyclic triaxial
tests, and;
c) The model lacks the necessary flexi-
bility to accurately describe inter-
mediate modes of failure, e.g., Direct
Simple Shear (DSS), cylindrical cavity
expansion, etc., .... Although the
DSS test is difficult to interpret and
results of "true" triaxial test simulating
cylindrical cavity expansion (e.g., Kirby
and Esrig, 1979) are scarce, it is appar-
ent that the model slightly overestimates
the strength for these two modes of failure.
Improvements in the strength prediction capabilities of
the model could be easily achieved by considering yield sur-
faces of more general shapes (e.g., ellipsoids or spheroids).
However, this requires reliable stress-strain curves for general
loading conditions that are not presently available and hence,
the additional complications arising from a more sophisticated
model do not appear justifiable at the present time.
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(11) A review of existing methods for predicting the excess
pore pressure, Au, generated during undrained shearing of clays
indicates the need for a new method to predict Au caused by
the very complicated strains associated with cone penetration
(variable principal strain directions with large strains and
strain reversals). A method is proposed in Chapter 7 to pre-
dict Au in strain-controlled problems. Following Henkel's
approach, Au is divided into two components: a) Aaoc t due to
changes in confinement and b) Aus caused by the tendency of the
soil to dilate (or contract) due to pure shear loading. The
first component, Aaoct , is controlled by equilibrium considera-
tions and, the second component, Aus , is evaluated by means of
a new analytical model.
The model can predict Aus for anisotropic clays subjected
to general straining conditions (with rotation of principal
strain direction) and one unloading. For monotonic loading,
all model parameters can be obtained from triaxial tests. For
unloading, the model requires an estimate of the maximum (or
limiting) Aus which can be obtained from results of laboratory
tests including straining reversal.
A comparison between the predicted and measured pore
pressures during plane strain compression and extension and
in direct simple shear tests indicates good agreement in spite
of the difficulty in evaluating Aoct during these tests.
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Furthermore, the predicted pore pressures during unloading are
very close to measurements obtained from cyclic triaxial tests.
(12) Chapter 8 conducts cylindrical cavity expansion
studies to evaluate the adequacy of the deviatoric stress model
(Chapter 6), the shear-induced pore pressure model (Chapter 7)
and the soil parameters estimated from laboratory tests on
resedimented BBC by comparisons with other models and in situ
measurements during pressuremeter tests.
The predicted expansion curves are close to Cam-Clay
results (determined by others for BBC) even though the stress-
strain curves of the two models differ significantly. This is
due to the compensating effects of the shear modulus at low
strains and the shear strength of the clay. Additional results
show that, for cavity expansion problems, simple soil models
(e.g., the bilinear or the hyperbolic models) can provide as
reliable predictions as the sophisticated models (e.g., the
Cam-Clay and the proposed models) provided appropriate soil
parameters are selected.
Comparison of the predicted expansion curves with pressure-
meter tests results in the soft BBC (depths 83.2 and 103.2 ft.
at the Saugus site) show that matching of field measurements
requires doubling of the estimated shear resistance of the soil.
Part of this discrepancy (about 25%) is due to overconsolida-
tion of the in situ clay (OCR = 1.3) neglected in predictions.
The remaining discrepancy (75%) can be due to: 1) simplifications
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made in theoretical analyses and/or the formulation of the
soil model (e.g., end effects neglected in pressuremeter
analyses, partial drainage, strain rate effects, ...etc.)
and/or; 2) inadequacies in soil model parameters as described
by the shear strength and/or shear modulus at small strain
levels. The latter is very difficult to estimate reliably from
conventional laboratory tests and is believed to represent
a major reason for underpredicting field measurements.
(13) Based on the strain path method, the strain paths
estimated in Chapter 5, the deviatoric stress model in
Chapter 6, the shear-induced pore pressure model in Chapter 7,
and the soil parameters obtained from laboratory tests on
normally consolidated resedimented BBC, Chapter 8 predicts the
normalized excess pore pressures in the soil during deep steady
penetration of 180 and 600 cones.
In spite of uncertainties resulting from the simplified
nature of strain path analyses, comparisons of predictions with
extensive field measurements of pore pressures at different
locations on the cone and the shaft behind it shows excellent
agreement for both the 180 and 600 cones and, surprisingly,
in the overconsolidated BBC as well ( OCR < 3). Further com-
parisons with pore pressure measurements obtained by others in
the soil surrounding a jacked pile in Champlain Clay also show
surprisingly close agreement. Since the measurements in
Champlain Clay exhibit strong similarities with other clays
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(see Fig. 2.8), this suggests that predictions of the
normalized excess pore pressure distribution in the soil is
not very sensitive to the clay type or its overconsolidation
ratio (for OCR < 3). This hypothesis is important because,
if true, itenables valuable generalizations to be made. In
particular, results of consolidation analyses (performed on
the basis of this normalized excess pore pressure distribution)
can be applied to a wide variety of clay deposits to estimate
their coefficient of consolidation.
(14) Predictions of cone resistance, qc, and penetration
pore pressures, u, based on the strain path method are com-
pared in Chapter 8 with field measurements in BBC. Good
agreement of qc is achieved for 180 and 600 cones for OCR < 3
provided that the overconsolidation of the clay and the friction
at the cone-soil interface are accounted for. On the other
hand, predictions of u are significantly underestimated in
the soft BBC deposit below 75 ft (OCR = 1.3) as was the case
of the pressuremeter test data obtained deep in this clay.
DISSIPATION OF EXCESS PORE PRESSURES
(15) Reliable estimates of the consolidation and/or perme-
ability properties of soils are needed in a wide variety of
geotechnical problems. In concept, this could be achieved
efficiently if records of pore pressure dissipation (after cone
penetration is interrupted) can be reliably interpreted. Imp-
ortant questions affecting interpretation include:
a) what cone angle provides the most reliable res-
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ults?; b)where to measure the pore pressures on the cone or
the shaft behind it?;:c) how long should dissipation take
(i.e., what degree of consolidation is required)?; d) what
coefficient of consolidation (vertical, horizontal, ... etc.)
and/or what coefficient of permeability is measured; e) what
is the magnitude of what is measured and, for what practical
application?
(16) Theoretically, dissipation records are difficult to
interpret because of: a) uncertainties in the initial excess
pore pressure distribution in the soil caused by steady cone
penetration; b) the high-gradients associated with this dist-
ribution; c) the two-dimensional nature of consolidation
around a cone because fluid flow and soil deformations occur
in the horizontal and vertical directions; d) soil anisotropy
and nonlinearity; e) coupling between total stresses and pore
pressures during consolidation, and; f) uncertainties regarding
the level of shearing during consolidation.
Additional practical difficulties include: a) uncertain-
ties in estimating a meaningful initial reading, ui , of pore
pressure before dissipation starts. This is due to inherent
soil variability and is especially important in erratic soils
where the penetration pore pressure is highly variable;
b) uncertainties in estimating the final (static) pore pressure,
u , after dissipation, since complete dissipation of excess
pore pressures requires very long delays in testing.
(17) Existing solutions to analyze dissipation of excess
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pore pressures (around cones and pile shafts) assume cylin-
drical or spherical symmetry. These one-dimensional solutions
are attractive because of their simplicity and hence the
capabilities they offer to consider more realistic (nonlinear
soil) behavior and/or to conduct parametric analyses (in order
to identify important factors).
Randolph et al. (1978) evaluate the effects of non-
linearities (due to changes in soil stiffness) on the consol-
idation around a cylindrical cavity by means of finite
element solutions using an elastic perfectly-plastic behavior and
a Cam-Clay model. Results of the analyses indicate that soil
nonlinearities might have some effect on effective stresses at
the cavity wall depending on the model and soil parameters,
but have no noticeable effect on pore pressure dissipation.
(18) Closed-form and finite difference linear one-dim-
ensional solutions presented in Chapter 10 indicate that:
a) for a given initial pore pressure distribution (same shape
and same extent) the pore pressure at the impervious wall of a
spherical cavity dissipates faster than a cylindrical cavity;
b) for a given cavity type (cylindrical or spherical), a log-
arithmic initial distribution of excess pore pressures (pre-
dicted by elastic perfectly-plastic cavity expansion theories)
leads to much faster dissipation than a linear or a constant
initial distribution of the same radial extent (especially at
small dissipation levels),; and; c) at any time during consoli-
dation, the soil surrounding a cavity can be divided into
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two zones: an inner zone where pore pressures decrease and an
outer zone where pore pressures increase. The radius dividing
the two zones increases with time.
(19) Chapter 11 presents linear consolidation analyses
to investigate the effects of: cone angle; the location of
the porous stone where pore pressures are measured; the aniso-
tropy of the soil; the size of the mesh (resolution); the coup-
ling between pore pressures and total stresses, and; the un-
certainties in the estimated initial and final pore pressures
on prediction of dissipation rates. Using the normalized excess
pore pressure distribution estimated by the strain path method
for normally consolidated BBC (Chap. 8), results of these
analyses indicate that:
a) dissipation rates are significantly dependent on
the location on an 180 cone. Similar analyses for a 600
cone show that the predicted dissipation along the
conical face varies little with location.
b) At a sufficient distance behind the cone, dissi-
pation on the shaft is not significantly dependent on
the cone angle and is about one to two orders of mag-
nitude slower than dissipation at the tip;
c) a reduction in the vertical coefficient of consolid-
ation, cv , from ch to 0.1 ch causes little delay in
the uncoupled pore pressure dissipation at four selected
locations along the tip and shaft of an 180 piezometer
probe provided that the time factor is defined as
T = cht/R2 . This suggests that ch governsT = c h t/R .This suggests that ch governs consolidation
around piezometer probes;
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d) the effect of linear coupling between total stresses
and pore pressures is small except at early stages of
consolidation, especially near the apex of an 180 cone.
This suggests that uncoupled solutions can provide reas-
onably accurate predictions away from the apex and after
sufficient dissipation has taken place;
e) accurate prediction of excess pore pressure diss-
ipation requires the use of a fine mesh,especially in
the vicinity of the conical tip and;
f) errors in the static and penetration pore pressures
(u0 and ui , respectively) can seriously affect the
estimated coefficient of consolidation. Matching of
measured and predicted dissipation records at small (or
large) degrees of consolidation is recommended if errors
in u (or ui) are expected.
(20) Chapter 12 evaluate linear uncoupled dissipation
predictions by means of pore pressure measurements, at various
locations on probes with different cone angles, after deep
steady penetration in clay is interrupted. Predictions based on
the initial distribution of excess pore pressures determined by
the strain path method for normally consolidated BBC are com-
pared to dissipation measurements in the soft (OCR<2) Boston Blue
Clay deposit below 60 ft at the Saugus site. The comparison
indicates that reasonably good dissipation predictions are
achieved at four locations on an 180 cone and at the tip of a
600 cone when the horizontal coefficient of consolidation ch
0.04 cm 2/sec. Additional results of this comparison show that:
a) At early dissipation levels (u > 0.8), measurements
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fall in a wide band and hence lead to significant un-
certainties (scatter) in estimating ch. This is part-
icularly true when the porous stone is located at the
tip of the cone
b) At advanced consolidation stages (u < 0.6, say)
dissipation tends to proceed slower than predicted. This
is believed to result from soil nonlinearities and, in
particular, the changes in the (drained) soil compress-
ability during consolidation.
c) The interpretation of dissipation results obtained
when the porous stone is located at the tip of an 180
cone requires a semi-empirical procedure because of the
difficulty of analyzing the actual cone geometry. In
this procedure the degree of consolidation (or u) is
taken as the average of the predicted values at the
apex and mid-height of an ideal cone (geometry).
d) Dissipation records obtained on the shaft behind
an 180 cone plot in a narrow band but exhibit a slightly
slower rate of dissipation than predicted. This could
reflect inaccuracies in the initial distribution of excess
pore pressures and/or nonlinear coupling effects and/or
creep effects (neglected in the proposed prediction
method) leading to faster dissipation ahead of the cone.
More tests conducted (with the porous stone located on
the shaft) to high consolidation levels and tests in-
volving measurements of total stresses on the cone
and the shaft behind it are necessary before more definite
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conclusions can be reached.
(21) Profiles of ch in the BBC deposit at Saugus are
obtained at different dissipation levels for three types of
conical probes: a) an 180 cone with the stone at the tip;
b) an 180 cone with the stone at mid-height; and c) a 60* cone
with the stone at the tip.
a) At early dissipation stages (u = 0.8) the scatter of
the data is so high that reasonable ch profiles cannot
be established. The scatter is particularly high when
the porous stone is located at the tip of the cone and
less severe when the stone is at mid-height.
b) All three probes provide consistent ch profiles*
after 50% consolidation (± 10%) involving a very moderate
degree of scatter.
c) Values of ch estimated at high levels of consolid-
ation (u = 0.2) are slightly lower than obtained at 50%
dissipation in the lower clay below 40 ft and higher
in the upper more pervious clay.
(22) A comparison of the predicted profiles of ch based
on 50% dissipation matching with laboratory and field measure-
ments of the vertical coefficient of consolidation, cv , in BBC
indicates that
a) The predicted variation of ch with depth is consistent
with the trends of cv (NC) measured in the laboratory in
In the clay having an OCR<3 where the initial pore
pressure distribution estimated by the strain path method,
proved satisfactory (Chap. 8).
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the normally consolidated range and the profile of c
(loading) backfigured by Duncan (MIT, 1975) and Davis
and Poulos (MIT, 1975) on the basis of in situ pore
pressure measurements conducted in the foundation clay
under the 1-95 embankment for a period of 7 years after
construction.
b) The predicted magnitude of ch in the lower soft clay
below a depth of 60 ft is
i) very close to cv (unloading) backfigured by
Bromwell and Lambe (1968) on the basis of in situ
pore pressure measurements in a very similar BBC
deposit due to a wide excavation.
ii) about twice higher than cv (SW) obtained during
rebound (swelling) of samples in CRSC tests at the
estimated in situ OCR of the clay.
iii) approximately 40 times higher than cv (NC) or
cv (loading) described above.
c) The predicted magnitude of ch between depths 40 to
60 ft overestimates cv (SW) by a factor of 8.
Based on the above results, the following conclusions
may be advanced.
a) BBC exhibits little anisotropic behavior (i.e., ch
= C v ).
b) Estimates of ch at 50% dissipation provides reason-
able profiles to be used in foundation problems involving
unloading and reloading of overconsolidated clays provided
that the maximum past pressure is not approached. Some
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reduction of ch (by a factor of 2 to 8) might be necessary
to match laboratory data.
c) For problems involving consolidation of the clay
beyond the maximum past pressure, a significant reduction
of ch obtained by the recommended procedure at 50% con-
solidation is required to account for the increase in
clay compressibility in the normally consolidated range.
(23) An approximate method for estimating profiles for
the horizontal coefficient of permeability kh from ch profiles
is proposed. In spite of significant simplifying assumption and
uncertainties in estimating soil compressibility (RR), the
predicted profiles of kh in the BBC deposit at Saugus appear
reasonable when compared to limited laboratory data. In fact,
when evaluated in comparison to other existing in situ tests,
the predicted profiles of kh might even prove valuable for
design purposes.
(24) An evaluation of the merits of different probe
types is presented in Chap. 12. Each probe type provides some
attractive features and the choice of probe (cone angle and
location of porous stone) for a particular job can only be
made after the objectives of the field investigation have been
defined.
(25) Chapter 13 summarizes recommended procedures for
predicting ch in clays by matching measured and predicted dissi-
pation records. The predicted dissipation curves are based on
linear uncoupled consolidation solutions derived for the initial
excess pore pressure distribution estimated by the strain path
method for normally consolidated Boston Blue Clay.
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(26) Guidelines for the practicing engineer are provided
in order to: a) identify and eliminate bad records where high
soil variability and/or malfunctioning of the probe lead to
significant errors in the predictions, and; b) verify the
applicability of the prediction method to a new clay.
(27) Important practical aspects of pore pressure dissi-
pation are reviewed and discussed. Special emphasis is made
on the deairing and rapid response of the probe, the possible
errors in estimating the static (in situ) pore pressure, uo
and, the time required for meaningful dissipation to take
place.
(28) The prediction method is then applied to results
of dissipation tests in Connecticut Valley Varved Clay (CVVC)
at Amherst, Massachusetts. Two sufficiently long dissipation
records indicate that predictions apply surprisingly well to
CVVC in spite of large differences in behavior from BBC. This
result suggests that the prediction method can be applied to
clays other than BBC for which the method was developed.
(29) Profiles of ch estimated from dissipation records
in CVVC, at Amherst, according to the proposed method show
that:
a) The ch profile corresponding to 40% dissipation is
virtually identical for 180 and 600 cones. Furthermore,
the (ch)40 profile is consistent with measurements of
cone resistance and penetration pore pressures indicating
two highly variable layers above and below a very uniform
varved clay layer about 50 ft thick, and;
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b) when estimated after 20% consolidation, ch exhibits
significant scatter, is under-predicted by the 180 cone
and is over-predicted by the 600 cone.
(30) No (laboratory or field) tests were conducted by
MIT to provide direct measurements of ch in CVVC. Therefore,
the predicted ch profiles obtained from dissipation records
cannot, at present, be rigorously evaluated. However, indirect
estimates of ch (OC) in the overconsolidated range were deter-
mined from existing laboratory measurements of the vertical
coefficient of consolidation in the normally consolidated range,
cv (NC); the ratio of compression to recompression ratios,
CR/RR, and; the ratio of horizontal to vertical permeabilities,
kh/k v .
A comparison between the predicted values of (ch)4 0 and
the estimated values of ch (OC) from laboratory tests on
samples obtained for the uniform CVVC at Amherst indicates that
(ch) 4 0 is 2 to 6 times higher than ch (OC). However, this
discrepancy may be entirely due to underestimating ch(OC).
Choosing a more realistic value of kh/kv = 9 (instead of 4.5)
and/or decreasing RR (from 0.15 CR) provides better agreement
with predictions.
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APPENDIX A
EXPANSION OF CYLINDRICAL AND SPHERICAL CAVITIES
A.1 INTRODUCTION
This appendix presents simple closed-form solutions to the problems
of expansion of cylindrical and spherical cavities in incompressible homo-
geneous and isotropic (or cross-anistropic) media of infinite extent.
These problems are one-dimensional: i.e., the field variables depend on
the radial coordinate only.
The expressionsof natural strains during expansion of cylindrical
and spherical cavities are first derived. The expansion of a cylindrical
cavity from an initial K condition in a soil obeying a Von Mises yield
o
criterion is shown to reduce to the simpler case of an isotropic initial
stress condition with a Tresca yield criterion. Hydraulic fracturing
analysis during pile installation performed by Massarsch and Broms (1977)
are then corrected by using the proper Henkel's equation for pore pres-
sures. Finally, the analyses of Butterfield and Bannerjee (1970) to
account for the vertical shear stress at the pile wall are reformulated
using the proper conservation of volume equation.
A.2 STRAIN DISTRIBUTION - CYLINDRICAL CAVITY
The circumferential infinitesimal strain increment in an element
located at a radius P from the axis of a cylindrical cavity due to an in-
finitesimal displacement increment dP is given by:
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d E= - (A.I)p
The material incompressibility requires that:
(1 - d Fr)(1 - de ) (1 - d ) = 1 (A.2)
For a cylindrical cavity expanded under plane strain conditions (i.e.,
dEz = 0), neglecting the second order term, Eq. A.2 leads to:
dEr = - d CE (A.3)
Natural strains are obtained by integrating the infinitesimal strain
increments. If the element under consideration is displaced from an
initial radius r to a final radius r , the natural strains are:
o
fr dp r
r Jr rn(-)
r o (A.4)
r dp r
8=  = Zn(-)
r
0
A.2.1 Expansion of an Existing Cavity
Figure A.l.a shows a cavity with an initial radius R which is ex-
0
panded to a final radius R. In order to express the initial radius r
o
of an element as a function of its final radius r after cavity expansion,
the conservation of volume requirement is utilized:
ITr2 - R2 = 7r - TR (A.5)
o 0
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This equation reduces to:
r2 r 2 + (R2 - R2) (A.6)
o o
Combining Eqs. A.4 and A.6, the natural strains are given by:
R -_ R
E = - e =-½in [l - ( )] (A.7)
r AV R2 - R2
Introducing the volumetric strain* Eq. A.7 becomes:
V R2
AV R 2
= - = - ½n[l - - (-o) ] (A.8)
r eV 0  r
The solid lines in Fig. A.2 show the variation of the radial strain, Er'
r
vs. normalized radial distance, -- , for different values of the volumetricRo
AV r2
strain,- , according to Eq. A.8. When ( ) is large compared to Vv
the natural radial strain, E , is approximately given by:
AV R 2
2r 7 (-) (A.9)
and is represented by the dotted lines in Fig. A.2. The simplified ex-
pression of Er in Eq. A.9 is identical to that obtained when an infinites-
imal strain formulation is used. The difference between the dashed lines
(Eq. A.9) and the solid lines (Eq. A.8) in Fig. A.2 thus represents the
error associated with neglecting large strains. As expected, this error
AV
is significant close to the cavity wall and for large values of - ,but
V0
decreases rapidly with increasing r.
*during a pressuremeter test, the volumetric strain, AV/Vo represents
the ratio of the volume of injected water to the initial volume of the
membrane.
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A.2.2 Expansion of a Cylindrical Cavity From Zero Radius to a Finite Radius
The conservation of volume equation reduces to:
r2 = r2 - R2  (A.10)
where R is the final radius of the cavity and ro and r are the initial and
final radial coordinates of the soil element, respectively (Fig. A.l.b).
Eliminating r0 in Eqs. A.4 and A.10 the natural strains are obtained:
R2
E = - ½ £n(l - -2) (A.11)
The variation of Er with 9 is represented by the solid line in Fig. A.3.
When r >> R, the natural radial strain, r' is approximately given by:
E = ( ()2 (A.12)
This simplified expression of £r can also be obtained by using
infinitesimal strains. The difference between the dashed line (Eq. A.12)
and the solid line (Eq. A.11) in Fig. A.3, thus, represents the error
associated with the commonly used simplified strain equation A.12 (e.g.,
Ladanyi, 1963). This error approaches infinity at the cavity wall and
decreases rapidly with increasing r.
A.3 STRAIN DISTRIBUTION - SPHERICAL CAVITY
The circumferential infinitesimal strain increment in an element
located at a radius p from the center of a spherical cavity due to an
infinitesimal displacement increment dp is given by:
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in 112de = dpE = - (A.
The material incompressibility requires that:
(l - dcr)(1 - de6)(1 - dE*) = 1 (A.14)
Neglecting the second and third order terms, Eq. A.14 leads to:
de= - 2d = - 2de (A.15)r
Natural strains are obtained by integrating the infinitesimal strain
increments. If the element under consideration is displaced from an
initial radius ro to a final radius r, the natural strains are:
r dp r
E = 2--- = 2n(-)r J P r
r o
o
(A.16)
r dP o
C0  p rJ=
r
o
A.3.1 Expansion of an Existing Cavity
Figure A.l.a shows a cavity with an initial radius R which is ex-
panded to a final radius R. In order to express the initial radius r of
an element as a function of its final radius r after cavity expansion, the
conservation of volume requirement is utilized:
4 r 3 _4 R3 = 4 r 3 R4 3 (A.17)
333 0 TR = r - R (A.17)3 3 3 o 3
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This equation reduces to;
r 3 = r3 + (R3 - R3)o o (A.18)
Combining Eqs. A.16 and A.18, the natural strains are given by:
2 R3 - R3
r = - - n [1 - ( rs
3 rs
(A.19)
S0 = E5:= - h er
Introducing the
AV R3 - R3
volumetric strain - = o , Eqs. A.19 become:
V R3
o o
2 AV R
r = - i- n [1 - -- ()3]
3 V r
o
(A.20)
E = = - k Er
The solid lines in Fig. A.4 show the variation of the radial strain, E ,
r
vs. normalized radial distance, r-, for different values of the volumetric
AV Ro r AV
strain, , according to Eq. A.20. When(. )s is large compared to--,
Vo Ro Vo
the natural radial strain,e , is approximately given by:
r
2 AV R
_ (o) 3 (A.21)
r 3V r
and is represented by the dotted lines in Fig. A.4.
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The simplified expression of Er in Eq. A.21 is identical to that obtained
when an infinitesimal strain formulation is used. The difference between
the dashed lines (Eq. A.21) and the solid lines (Eq. A.20) in Fig. A.4
thus represents the error associated with neglecting large strains. As
expected, this error is significant close to the cavity wall and for large
AV
values of ---,but decreases rapidly with increasing r.V0
A.3.2 Expansion of a Spherical Cavity From Zero Radius to a Finite Radius
The conservation of volume equation reduces to:
r3 = r3  R3 - (A.22)
o
where R is the final radius of the cavity and ro and r are the initial and
final radial coordinates of the soil element, respectively (Fig. A.l.b).
Eliminating to in Eqs. A.16 and A.22 the natural strains are obtained:
2 R
S- 2E = - In [1 - (-)3] (A.23)
r 3 r
The variation of Cr with R is represented by the solid line in Fig. A.5.
When r >> R, the natural radial strain, Er, is approximately given by:
2 R
E (-)3 (A.24)
3 r
This simplified expression of er can also be obtained by using infinites-
imal strains. The difference between the dashed line (Eq. A.24) and the
solid line (Eq. A.23) in Fig. A.5, thus, represents the error associated
with the commonly used simplified strain equation A.24 (e.g., Ladanyi,
1963). This error approaches infinity at the cavity wall and decreases
rapidly with increasing r.
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A.4 TOTAL STRESS DISTRIBUTION IN AN ELASTIC -
PERFECTLY PLASTIC MATERIAL: CYLINDRICAL CAVITY
In a deep homogeneous deposit of clay consolidated under one-dimen-
sional conditions, the soil is cross-anistropic and the initial vertical,
radial and circumferential effective stresses (Fig. A.6) are given by:
o = K o
r ovo
S= K0
0 o vo
and the corresponding total stresses:
z vo 0
r = Kovo o
(A.25)
(A.26)
F= Ka6 o vo
in which o , uO and K are the in situ vertical effective stress, in
situ ambiant pore pressure and coefficient of earth pressure at rest,
respectively. The total stresses after cavity expansion become:
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a =r + u + ACz
a = Ka + U + ~o
r ovo o r
a = Ko + Uo + A8The Von Mises yield cr terion is expressed by
The Von Mises yield criterion is expressed by:
h(s2 + s 2 + S2) = S2
z r 0 U
Where s is the isotropic undrained shear strength and S ' Sr and s@ are
the deviatoric stresses.* Because of the normality rule of plasticity and
the isotropic yield condition, the plane strain deformation (dez = 0)z
requires that sz = 0 at yield (see for example Drucker and Prager, 1952).
Using the definition of the vertical deviatoric total stress, sz , this
requirement can be written:
ar + Ca
Z = r2
2
1
*By definition, s = a where = (a + a + a )z z oct oct 3 z r
and similarly forss and ser
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(A.29)
(A.27)
(A.28)
The deviatoric stresses at yield thus reduce to:
S =0z
-ar 
Sr (A.30)
2
a - O
sB = -
2
Substituting these values into Eq. A.28, Von Mises equation finally
becomes:
ar - a0 = 2 su (A.31)
This equation is identical to Tresca yield equation and, therefore,
the results obtained by Vesic (1972) using a Mohr Coulomb criterion* can
be used directly to predict the radial and circumferential total stresses
in a material obeying a Von Mises criterion under an initial K state of
o
stress. The vertical total stress in the plastic zone can then be pre-
dicted with Eq. A.29.
The total stresses after expansion of a cylindrical cavity in a soil
obeying Von Mises yield criterion and consolidated under K conditions
are given in Fig. A.7.
A.5 PORE PRESSURE AND EFFECTIVE STRESS DISTRIBUTIONS
IN AN ELASTIC PERFECTLY - PLASTIC MATERIAL:
CYLINDRICAL CAVITY
The excess pore pressure during cavity expansion can be estimated by
means of Henkel equation (1966):
Au = Aaoct + a AToct  (A.32)
*which reduces to a Tresca criterion when internal friction vanishes.
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in which A indicates a change between the initial and final stress states
and:
1
,oct - [(az + + a0)
3
(A.33)
1
oct = (a Z - ar )2 r 21z
The pore pressure parameter "a" in Eq. A.32 is related to Skempton's "A"
parameter measured in a triaxial compression test by:
1
a = -(3A - 1) (A,34)
Utilizing the results of section A.4 (Fig. A.7) the incremental octahedral
normal and shear stresses in the plastic zone during cylindrical cavity
expansion in a soil initially under K stress conditions are:
o
r 1 - K
doct= 2 s ,n(- 2 ) - ( o -
r 3
(A.35)
1-K
oct u /vo 3
Table A.1 summarizes the resulting equations for excess pore pressure and
effective stresses in the plastic zone. Table A.1 indicates that the cir-
cumferential effective stress,6 , will become tensile (i.e., potential
hydraulic fracturing) when:
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1K c - ( u
A > (A.36)
vTs (1 - K ) a
u o vo
It should also be pointed out that during the expansion of a cylindrical
cavity obeying either Tresca or Von Mises yield equations the following
identity is always satisfied
0 < a < (A.37)*
and, therefore, if hydraulic fracturing occurs (i.e., A.36 is satisfied)
it will occur along vertical cracks (ye < 0) only for any value of K0 .
A.6 EFFECTS OF VERTICAL SHEAR STRESS ON
THE EXPANSION OF A CYLINDRICAL CAVITY
In this section, the erroneous analyses performed by Butterfield and
Bannerjee(1970) are corrected to show that, contrary to their conclusion,
the vertical shear stresses at the cavity wall have a minor effect on
cylindrical cavity expansion solutions.
*This identity is easily verified a) in the elastic zone with the
equations in Fig. A.7 and;b) in the plastic zone with Eq. A.29
**Equation (7) in their paper which expresses conservation of volume
should read (with their notations): 2 ur - u2 = az instead of:
ur + u
2
= 2a2
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A.6.1 Idealized System
In order to obtain closed-form solutions, simplifying assumptions were
adopted by Butterfield and Bannerjee:
- The initial state of stress is isotropic;
- The soil is elastic - perfectly plastic. In the elastic(linear)
range the behavior is described by G (shear modulus) andy = 0.5
(Poisson's ratio). Yielding takes place according to the Von Mises
failure criterion:
( r  )+ 2 = s2 (A.38)
2 rz u
- The skin friction at the pile-soil interface is uniform and is a
fraction a of the undrained shear strength s , i.e.:
(T ) = a s (A.39)
rz at r = R u
Notations and boundary conditions are indicated in Fig. A.8.
A.6.2 Total Stress Distribution
For convenience, the soil mass is divided into two zones. The inner
zone extends from the cavity wall to r and is called the plastic zone
(R < r < r ). The outer zone extends from r to infinity and is referred to
as the elastic zone (r < r < m).p
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The (total stress) equilibrium in the radial and vertical directions
is expressed by:
r  r -
dr r
(A.40)
dtrz +Trz+---- = 0
dr r
Noting that the second equation involves Trz r) only, the shear stress Trz
can, thus, be determined by simple integration to satisfy the boundary
condition at the cavity wall (Eq. A.39):
R
Trz = a Su(-) (A.41)
r
a) Elastic Zone
The outer radius of the plastic zone, rp, is in most practical problems
at least one order of magnitude larger than the cavity radius, R. The
results in Fig. A.3 indicate that whenE > 4 the radial strain C can beR r
evaluated from Eq. A.12 without introducing significant errors. The
strains in the elastic zone are thus given by:
E = EO r -e =  ( 2 (A.42)
z r r
Using the constitutive relations for an isotropic linearly elastic
material, the stresses in the elastic zone are:
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Z =Z 0
R
ar = 0o + G(-) 2  (A.43)
r
R
0 = o - G(-) 2
r
in which Oo is the initial isotropic total stress.
b) Plastic Zone
The radius of the plastic zone is determined by substituting Eqs. A.41
and A.43 into Eq. A.38 and solving for r. The following equation is
obtained:
R
r = [2 + (a4 + 41)]½ (A.44)P -
Gin which IR  - is the rigidity index of the clay. In most practicalR s
applications, IR is several orders of magnitude larger than a and Eq. A.44
simplifies to:
r R Iý (A.45)
P R
Substituting Eq. A.41 into Eq. A.38:
R
ar - 0 = 2 su [1 - a2(_)21½ (A.46)
r
Which, combined with the first equilibrium equation (Eq. A.40) leads to:
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d0  s RS-2 [1 - a2 -) 2
drr r
R
Radial stress equilibrium at r = r requires that or = + G (-)2p r o r
P
Imposing this condition at r = r , r is determined by integrating Eq. A.47.
00 is then obtained from Eq. A.46. Knowing 0r and a r az can be easily
computed from Eq. A.29, i.e.: 0z = ½( a r + a )
A summary of the results is given in Table A.2. For the sake of
illustration, the normalized radial pressure increase, ýL , at the cavity
s
u
wall is plotted against the skin friction parameter,a, for different
values of the rigidity index, I , in Fig. A.9. For a rigidity index of
200 (typical for a normally consolidated clay), _-u =6.3 when e = 0 and
AOr U
s-- = 5.7 when a = 1. The reduction in radial stress at the cavity wall
u
due to vertical shear stress is, therefore, not very significant
(approximately 10%).
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Excess Pore Pressure
r 1
Au = 2 s kn() - -s + A [ s - ( - K) ]
u r u u 0
Effective Stresses
1
S= Ko +-s -A[/3s - (1-K) a ]
= voK
z o vo
1
+ (1 + -) s - A [s - (1 - K)Su u o
Z = K - (1a -- ) S - A [/ - (1 - K )So vo uu
avo
vo
Table A.1 Excess pore pressure and effective stress distribution in the
plastic zone after expansion of a cylindrical cavity
(initial K condition).
o
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R
Trz = as u (-); (R < r < m)
r
r
- = [a2 + [4 + 4I2 ½]½ RIRR RR
G
I R =
s
u
Elastic Zone (r < r < )P
R
R = o + G(-) 2
r
R
a = a - G(-) 2
r
Yz = O0
Plastic Zone (R < r < r )P
ar = G + s
= 0 + se o u
aZ = 0 + S
r + /r2 - a 2R2
r + _/r- z _R22Zn + P 
r + Jr 2 - 2R 2
a2R 2
2 1 - -- -
r
2
2R
2 1 --- +
r
2
p
a2R2
1 --
r
l a 2 R
2
2 1 - --- +
r2p
F12R2
-2 1 --
2
p
Table A.2 Summary of results for the expansion of a cylindrical cavity
with vertical shear stress at the cavity wall.
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D GEOMETRY
GEOMETRY
a) EXPANSION OF AN EXISTING CAVITY
b) EXPANSION OF A CAVITY FROM ZERO
RADIUS TO A FINITE RADIUS
Figure A.1 Cavity expansion: definitions.
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Figure A.2 Radial strain, ,r, vs radial distance during expansion of an
existing cylindrical cavity.
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Figure A.3 Radial strain, Er, vs radial distance after expansion of a
cylindrical cavity from zero radius to a finite radius.
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Radial strain, Cr, vs radial distance during expansion of an
existing spherical cavity.
-521-
I'
0N
t.wL
I-
(
-J
IAA
R3- R!
R3
v.-
L_ob.
W
'I,4
U)
Cr
-J:
I 2 5 10 20 50 100
NORMALIZED RADIUS , r/R
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Figure A.6 State of stress before and after cylindrical cavity expansion.
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Figure A.8 Expansion of a cylindrical cavity with vertical shear
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Figure A.9 Effect of vertical shear stress on the normalized radial stress
increase at the cavity wall after expansion of a cylindrical
cavity.
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APPENDIX B
STRAIN PATH METHOD - EVALUATION OF TOTAL STRESSES
B.1 SPATIAL INTEGRATION OF EQUILIBRIUM EQUATIONS
In axisymmetric problems, the equilibrium equations in terms of total
stresses are:
@or -Irz Cr -
- + + + R= 0
ar az r
(B.1)
aTrz +az rz
+ - +--+ Z= 0ýr 3z r
in which:
r = radial coordinate
z = vertical coordinate
= radial total stress
a = circumferential total stress
= vertical total stress
z
T = radial shear stress acting on the vertical plane
rz
R = radial body force
and, Z = vertical body force
When the z - axis is aligned with the vertical direction (positive upwards),
the body forces are: R = 0; Z = yt (yt = total unit weight of the
clay). In deep quasi-static steady penetration, the radius of the cone
(or pile) is small and the effect of gravity (Yt) on equilibrium near
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the tip is negligible and equations B.1 become:
ar rz + r - C
3r Dz r
aTrz + z +rz
+ + -z r
Br 3Z r
(B.2)
Dividing total stresses into deviatoric and octahedral (or isotropic)
stresses:
a= s + a
r r oct
a8 = s + aoct
az =s + z oct
rz rz
and substituting Eqs. B.3 into Eqs. B.2, we
aoct . r Srz Sr - s
ar ar az r
aoct as r z a z Srz
az ar az r
(B.3)
get:
(B.4)
In the strain path method described in Chapter 4, the right hand
side of Eq. B.4 can be determined from the deviatoric stress soil model
knowing the strain path of the soil element. The octahedral stress can
then be computed by integrating Eq. B.4 along a path starting at a loca-
tion where the octahedral stress (a oct)o is known (i.e., in the far
field) and utilizing:
oct octd - dr + dz
oct ar az (B.5)
For example, a cone penetrometer (or pile) pushed to a depth of
100 ft in soft clay induces a change in isotropic stresses approximately
equal to the total overburden stress at that depth.
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where dr and dz are the radial and vertical coordinate increments be-
tween two consecutive points on the integration path.
Appendix F provides description and computer codes for a numerical
integration scheme applied along two different sets of integration paths.
B.2 IMPLICATIONS OF USING AN APPROXIMATE STRAIN FIELD
Since the strain path method is based on an approximate strain
field, it is not surprising that the resulting stresses are also approxi-
mate. This is reflected by the fact that the partial differentials of
a do not satisfy the relation:
oct
oct oct (B6)
-
(  ) = 
-
(  (B.6)az ar z
In other words the right hand side of Eq. B.5 is not a total differential
and integration with Eq. B.5 is path dependent.
More insight into the approximations associated with the strain
path method may be gained by recognizing that any material can be forced
to follow any strain field (satisfying the boundary and compatibility
requirements) as long as an appropriate body force field is superimposed.
The deviatoric stresses obtained by the strain path method in the case
of deep steady cone penetration are, therefore, the exact solution to
the stresses experienced in the soil subjected to both the boundary
displacements (at the soil-instrument interface) and an appropriate
field of fictitious body forces.
Substituting Eqs. B.3 into Eqs. B.1 we obtain:
-529-
aaoct asr 3srz r - S( ) - {R} (B.7.a)
ar 7r az r
oct rsrz 8sz srzact Srz Sz Srz } (B.7.b)
az ar az r
in which {R} and ({z are the fictitious body forces. These two equations
relate, at any point in space, the known deviatoric stresses to three
unknowns: a oct {R} and {Z1 . This indeterminancy of order one, there-
fore, indicates that an infinite number of body force ({R} and {4}) and
isotropic stress (a ct ) fields can be found to satisfy Eqs. B.7. For
example, given a sufficiently smooth aoct field, the body forces {R} and
{z} can be evaluated directly by means of Eqs. B.7 to achieve equili-
brium.
B.3 EVALUATION OF ACCEPTABLE BODY FORCE FIELDS
The fictitious body force fields in the problem of cone penetration are
of interest for two reasons: a) to compare at a selected number of points
the magnitude of these body forces to the stress gradients and, thus
assess their effect in the overall solution, and; b) to develop an itera-
tive procedure in order to improve the approximate velocity field and
therefy, obtain a more accurate solution.
Because of the indeterminancy in the problem, it is necessary to
arbitrarily assign predetermined variation in one of the three unknowns:
aoct' {R} , and {z} . A method for evaluating acceptable body force
fields consists of:
1) Integrate Eq. B.7.a with {R} = 0 along radial lines (dz = 0).
The resulting aoct field satisfies equilibrium in the radial
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direction (Eq. B.7.a);
2) Evaluate at every point the required fictitious body force
{ Z} so that the isotropic stress Uoct previously obtained and
the deviatoric stresses satisfy equilibrium in the z direction;
i.e., solve Eq. B.7.b for {Z} .
An equivalent method consists of first assuming {Z} = 0, integrating
Eq. B.7.b along vertical lines (i.e., dr = 0) and finally evaluate {R}
by means of Eq. B.7.a.
Integration along radial (dz = 0) or vertical (dr= 0) lines is
more complicated than the methods of integration along isochronic
and streamlines presented in Appendix F. Indeed, such an integration
first requires interpolation of the deviatoric stresses along straight
(radial or vertical) lines.
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APPENDIX C
ESTIMATION OF STRAINS AND DEFORMATIONS
DURING CONE PENETRATION - COMPUTER PROGRAM
C.1 PROGRAM DESCRIPTION
This computer program utilizes the theoretical developments
presented in Chapter 5 to compute strains and deformations for incom-
pressible, irrotational and inviscid flow around a conical tip attached
to a cylindrical shaft during steady cone penetration. The program is
coded in FORTRAN IV (double precision) and is intended to be used in
an interactive mode (e.g., MULTICS or CMS, with Honeywell or IBM
systems, respectively). At each input stage, the user is prompted
for the next data to be entered and usage of the program is, therefore,
self-explanatory.
C.1.1 General Input
At the beginning of each new problem, the user must provide:
a) the cylinder radius;
b) the half cone angle;
c) the ratio of the cylinder to the cone length;
d) the radius of curvature at the cone-cylinder transition;
e) the number of sources uniformly spaced over the cone length;
f) the number of sources uniformly spaced over the cylinder
length, and;
The total number of sources along both segments should not exceed 200.
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g) a printing control parameter:
= 0; no printing
= 1; only final results are printed
= 2; detailed output
h) a storage control parameter:
= 0, no storage
0, parameter gives the unit number for storage
All the variables are expressed in F10.3 format.
C.1.2 Sources Strength Evaluation
Once the input phase has been completed, the coordinates of the
body points and of the sources centers are computed and stored. Evalua-
tion of the sources strength (Chapter 5) is then accomplished by
solving the system of linear equations (Eqs. 5.6) with the elimination
method. Three modes of operation are then available.
C.1.3 Modes of Operation
The first mode of operation (MODE = 0) is used to exit the pro-
gram when computations are completed; the next two modes (MODE = 1,2)
are intended for checking stability and accuracy of the solution and;
the last mode (MODE = 3) is invoked to carry out computations of de-
formations, strain increments and strains, along one streamline at a
time.
a) MODE = 1
The program computes values of the stream function '(r,z),
using Eq. 5.7, at a fixed z-coordinate, for a radius varying from
0 to RMAX (in increments equal to DELR).
-533-
b) MODE = 2
The streamline corresponding to a given value of the stream
function i(r,z) is located in the interval {ZMIN, ZMAX} at equal
DELZ increments by solving for r in the implicit Eq. 5.15 by successive
trials.
c) MODE = 3
The streamline is defined by the coordinates (RO, ZO) of the
particle (to be followed along its path) at time T = 0. Numerical in-
tegration of velocities and rates-of-deformation is first carried out
(without printing) with a decreasing time increment proportional to
1l/zl up to a time equal to TMIN. The time interval is then reduced
to DTF and the following quantities are printed at the end of each time
interval: relative time, z and r coordinates, strain increment com-
ponents (derr, dEzz, de6 and de rz) and, natural strain components
(E rr , Ee and E ).
Changing the mode of operation is achieved by setting
Z > 1000, XPSI = 0, or RO = 0 when the present mode is equal to 1, 2,
or 3, respectively.
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C.2 PROGRAM LISTING
-535--
C;
0
ouLU.
.'- 0 zt~
c --) -U .
V) "oe' 22 C- -
Li.C 00 *c-.2-
Er I== L. 0 -0 w-nuu=CO b-4 W- 40"=z 0zh.0 cI-o2 -- .CO WOO m14002·00022 1- 22Z CO ~~ O -01
1hi2LLI202 O~2l-4
CO 2uVV 0 . C -4.
-a Iw -a ~
CLa. Cs. CL Co. . 0 zis. 0 0( -=4=z2= mol- 0
hi f-. wi 0 h
ONC ------ ----
0 hi 00 1-# . -1 6 .1 F -2 ~ 2 0Q~~~~ P
L6. W0 Ia0 O OoO==
" i 1-flw 4w4 wl"W O 
* 0
* O
** 2
*.*
PC* -30 * u-
*0 * OJ
1O -00
°t-
*Z .)00
*1- .- 400
•W •€1 ,,,.X
-H~ · (,l
•5 = .•v
°!-,, r
0 0
0 0
ýý1 3N 3111 L) *
0Jj 0 w N" 0w000 *'- Sto-ZZ-iO(r- 0+14
Cu-Lio.- - - - - 6mu. mp 0- - - --1-1 - =0~*W e me melmW m-000. .-.--- 141
-a-ac---- i-4e-eu
00(0142014 LihC
:
Lii O00 000
41111,
S000000 0000
000000 0000
: . (UJ(lOJ : JOJOJN
Li~i~i O8i8i Li8i8
CO
0
S hi0 0
1- -0 Q aEr 1 hCO 2~ P..
W w 4c1- o.000CO 0 -hi 1V
2 4 2 142(0W
hi Z: Lai 12
0 ~ ~ r 0 0142(0 II hi1; 2
1414 - 1 2
CO~r h.JCO1
Q0 = = -". = .It CO 1I Is 1 -hi
002 14hi21
'400 202e 0142
.i.J2. 010 .. OC
COCOv -32 2 hi 14
COW E~OO0 201-1 ~1-1
~.J 1-p-22 Oh. 1- WcO42
140 0~1-0h.22~ 2 2
Zh CO O0141 (0W COCO
WO h~h~h 201-~0 hi hi
22220 0014W 2 1-1
2 Z~hW1- 020 1I4220
0404 023( WO
II ii Il II II II Il *· II )Ilii~ II I1· I II ( II
=0>4CA ) -
0-00 0rP
a-a = 200 L)
2 = 2214
P
,-1
OCO
c - .-- 0 0 0 1"c6.--a U-2 2 2 - C ito2 U=o , in IO.•oL
'0 -U 1-4 -W-a' -- -- 1- -CC C 1 .4 E-
r.iv-.i-- 11'mI hi..v i'-~ hi- v~hi'-2W2
'
2W 2 .a a 2W.X W 2 02W 02  - 2 C
32 32O .- )U3 2-\ -r KU\ 2UI 3U 22- 23 1 31
oUUoUUU0UU00U0UUUU 0UU0
-536-
X
w -3Q dc
0 u
2
COO
00 0
001111A
-M In
9zW-
1- Qi
U14 (6
2 iOh-
32214
*h. 0"-
*CO
-z
.1W 4
.-?2
.20 0
.1-0 -P
-CrO
-~ -4
.0) -
-20 1-
-I t 4
140
2C. -I
14CO-
.. ~~ 4
.2.
.1-2
-CO1
Cot.~
-W2
-20)c
.11
-. 1-0
0 -)
-~C1---
-hi2>
.22WW
-ucO12
WZO -
-02140 -
*1-0. hi
-E 20
-20W2 -4
.2Z02 -
-014r0 -
-0 (-0
-2]Z1-
-aH0
UU0UUUU
0
E4
ZO cu
u1-
•J..
01-020
ZO
20.-0-.00
"iN
-oO
=L O II.. C'.j0
-00 C=wZOO -
01-- 0
C12W 0
uz===a00ihi I-)U221-14O CO (1~z- "·-
0222P
14000
UQQ uu U UC00
S0
a, N.CA100
O m\ W2e 0h-A -~ 0
Ir am CY C
-s01--
0000
OOhh maSPL
It 9-4S II9Z-m
6-4" SI N0 a2 Is2m.'..NN N~Nb
, II itn
toI to NIN I
OM-0 0000
20022 00 .08(INN.JCn'~++
-+ I00N00W r
31NN004m)(mm
InAN -= t
3 22 )
20i.- 2.0.2a
ZOZWwwwW0 .00 00032.- NW W W3 W W3 00002W0
.2
*0
* =*
,.4
*0
·Z
*O
S..
*2
* ,-r
"O
a.
.•2
._* 4
*O
:=*
- W
V)L0
* W
* 1
* 0
* O
* 0I-r
x 0-
* -
* UO
* 20
* IXN
* -MO
*N.JU
U:t
N 1)
a 2 U
O U NN 4 L. L
UO 0
.JU 0-' *---N---- - - -
• 000000000000000
S 00 .000000000000
II II 4 H{H(Hn4 HHn4n N N S II
0000 u U
0
0
0JCý
N
-3 . .W L.)
0 >. ._2
+ U 1-1W
0 _j 00C
U W I-
"D:II- 03r -
+ + I.-Ua=
++ 00 Nt. NO is
OOuU IS"
UU2ZNU~'N1-
r-J i 00N N 00
1-
en I
+0 N
8 2
S0 0M
C\ I- 0- u,-,
-l 0*k-r4 U
ELIS ON
21-1 0 \1
SNrIO -.- = u V
4-'L.C 3-1-0 .- NO -- '.-0
U 0'-. N54:
.] 0N.N .U2
-'N I*3-N-.-0UO
40.0.002.JZ 30 I
44NUU NILSN2 0
Zr022en-~ 3-3-
0.00111 NO -0
.J.J 3U00 a.4'.0Id2
441-N NON22 UOW
*0
.,.o
*2.J
·WW
N.I-•
,•.4
*Z1-
SaJ°NO
.2WC
*02*ZU
· 3-
·1-
·04~
·0.0
*z0
° -Lr. ,
.r203- La
w
W
1-4
0 N
06
a
W
0
- 3.
-r 0
aL
0 0
Cý0 - " =C3- -' - c~ 0
a ~ 0 *La.~ · P
1- 0 . 4 x- 0
W .- L..)C3 W
2 8 6.4.J 0. N
- -0 N\C2a0"
-E-0 )X 0 N. en 20 4 .J .e 3-1-1 .
-.4. 0- -c c4 b-02-< 1-. 0.to : e1 LO n0 -N0 I00000000 02 . -
'10 .0U(U0 no -. 2J'. .-- '.--'-. 3-
Id'.N Ld.-1Wd0NWd044 4444 0
21d~d21 2W2 13113 ~a0 00000020
SON 323230203 NU a.LI I. a.I. L. d
SN 0 0 -N-=
000000
000000
N ND N N
o UUU
-537-
0000oooo
""""1I00000000nN C 2- U
2222 so
====C(N
00V)V)0e0V2
u ,
• w
• °W* 0
1 -03 -2
0 .
• r3-0
:-•S2
,.1-U
:•0.
.4 x
°1~-1:.N0
.J
0.2
C)u
(n2a.
wZ ZN -a.
a. N x C
CdN Z U1EAM W 04 NC = :I In -Cd 1- ZoO WZV
00 p (1 WZ ag Za 00 v
LL+ Nr EL. MM M. M cn Ha z aa
- a. "-N -a
V) W I . I- I- W X W
a. - C - - .%0 c -=1 z=X 2 -r4
o oo(/2 oozaooooa. ooCd N (v 6 CL . x La
a <I a. = = - 0-4
w + ";.clP-N Cd NOnn 4Ny er0 1"a..0 r - w . X - C0 w w0 It2 . 0- -. C .4 6-1- 1- 1- a I-C1- .- -rz ~l-.ZZ z N -*Z N NZNNNWWdNZ )NO
Z NO O~ZXZ~CiQ -
-N 1- 4-.4 4N=Z. -
N NZ .- ZOZZZC&I2N c/i.O N
Z NC/i NO 1-0 ** N
ts t- 1-4 W -1-4 W -4 -C .1cc-- -C 001-a. 0- Woo -j- -- --0C.i * .Wj- a.a0 w w w Cl& K
awu "m- LL U6 -ZLzd~c. - 1Cii + ZW.4 e'2NNNNNNN'... ~.. lfl NO)N *. .ZZl . ~-m ('
CM 1- C01 0 -1-N01-Cl ZN3 Z1- . ~ ·00.Cd N - 0(21 -a~-c ~ ~ ~~c~IINN NW N W1-0 44
a~ao ~~ CiZ00000O00O0~00.02 0Z
000o00o00- -
000000000 00
0
N a
C"d N
a ELI
00
E--aN 1
X 0"
ol a.
Cd 0
6- U 0 E3-j -0fa. s E-Cdý: NF-aw V) im
in w w . w w0 Q w
0 -(- Na N Z
E x 0 a.
Cd s
=- - 1= 1'4 EK=t wIO1400 E- f 0 -N
C.2Z3 0 a.ZN 0 NNZ
1- Cd 0 d. N ZNC/2
-- ,.a. 0 OLdWd Z.. 0 -a.
0-'0 0 -~K N1-C/2 OZN1-a.1-Cd
.0 * .. A-1- N00(/200a.· .C/2c2C/2C
0 .O1Z NO .00CdWWCd~d0CddWd~d
0~ 0000Cd I . I + K 000000C~ *OO3N.-
E- 000 oC41 in E- Q Q Q IQ W W 444Z0:S0 *1-Z 0 . I v+ +1-1-1-OZZN1-C/iNNOOOO *ZONWCd1 1-1 0) OOO0NOC/i~a. -S000 lI  caz 0 .ZZ~ZN 111111 Na.CdW d II.-.11 0111111 N1-Cd-IN HI 110-1-NU ZN1-K 1 1 II NWz .Z(N -Z.-a.-.-- +*- IIZ.J II l,lyY Zl~N1-Z1-~~
z IWaaWaW.L..COO IL.-OI,4ZWWWWL.aWaaUa.
4o).
N~ M
"*
2N
* .0
o* . .
* 1-0
.2-- -z
It. x z
*.- .o
S-0
* -- 0,•
.W *EZUO
.0 .0
*0 * O
A ll
NN
0 0NA00 000.. C
wwN
-..M I=t+ i
390 o 0
0**0 K *
w-1--UA. N
*( z
* Z
* C
ol4
.'oVI
* W
*E* Z
*0
* a
*Cd
*E Zo•* (2
-. 0
"Ol-,1-
* z Cii
*1-
* W
* C0
* Z
* a.
*1-0* =0
=0
* 0-*
* 021C
* -N
* a. CCjU 02
x 0
*0 --- ;
* 000U 0o
-I (MIN
U[-
. -oo
*1-100
CJ CaiJO . %.
.4..) Ci
CIJ 1 Z
* Z 1-
uv i~m
I- **. -
*(J Z Z
.NOOOC·
.. JZZX
.a.Zzz
.n0000
04 -
ZW Z
1- oNf K L 4
1- 11e - HO U
=.- N- -ha
Na.0'-zoa. it
==ZO Z 0*Mr *CcLneIoVIoLL.
ZZPU3CouJ
0000
0 Cd
CdjOn Z
E- CLd -O -
0 Cd
a. 0 0Cd NO 1-
ZC "i 0 0w
N 1- a.0o b ~Q0w aI - -0 m4
o Cd ýai b .. C) nV 6Ea. 0 0Cd 0O N
LL -n LIý U-=- 00 n 0 1=0 ~ oN r4 - I 1it 4Inov nn -jIN O E Z NWl1-7 0.NO N N00U OK -a -0O~a0K0O 0 NO 0 O/aCd N
ZWN 0- ~ 0 V.-O)U~O444Wd
K1- . n )- -1C..-00 . +411--0~aa.Z
CdO/i1Cd 0-iO . .0.- OOOOaWWCWiI-4C/2
1---O. . 01 00 IIC II1t-a.KNOO~~flO 102IIaPa
Z TC/i .Z-.OO 1111 NNOWKN00 1111 N 111111 Na.WWWZP
II.-- II Ili /i/ 4.. II lI00 000000.-KN aI)V)V)V]IIa
Z NV ~z1-Cl. Cl-O aaa 1--. al Ia~wa I aItIaNIaIIa1Na. O
O~~K~Y~l0 WWOin.I~CW dd I4KNWWWWWWW WC.a~a
3-
0
Li.
II
O C
I .1
o ~
0~ *44
Ci.
* 0,
'I0 6.d
0O -NO 1-0Qo o~oo•, ,6 =,.
- 0 0-00 -0 4' Cd-.l -O" a • • Of•I
V- 0 . a•
k* 0 u 00-o 0 0 1. 0 -40( I IQ t 0 a1
I 2 4-. I- 0- 0. 01 0IA a. Ito400 24 d=0X .. (2 60 N 444- 10 0 - 0 0 c n- N f- Coi 0l 0 1 f a to00 4 = " ca
dl -0 .0'.-. N 0 0 N(I- 0 4 4/2
0 N .01-NO N - 1- N4-4(2C 0 10C
U. *n U. . 0 - -.. z J I.-ww- Iw 0 WOr r'-l .W0T V aI 0 4/) 1 .I W.310. 1)VI~K-0. ONWO 4 1
.- O'NOQI4-4N -41l 110 '-4l 0Ic~ Cd * +1+4- H1-U2IO'-1- P
0002~M~WZW1WL0~ZCW~~W11W4-IOa1-11 Z3
(4Cm +~
cm
I-.II
--1
UU
L) u,1- D 
-o
•o 61• •
-4- - Cd1 x E I
--I0jv• •.. -44. - . 4- -4
,'•{..l. • iiii Ii i -0 . -a 0 .a. - , , - .. ,a . 0-., / -
-r c -o -u2Hu2 444-- 4 '-
ZUX 3d-2~H 0V 4-4- 14- 1
OOvd.-040.i40.Z 01-HL.L.J
0~Y U~UU -4440100 C. 00C -44/0(2 d44-1C
- I
• 6.
o a.
0J-I
,-2
- 0-
* 10
:=4J40l
-0U
--00
4 •..a N
-424
01-0
I rcd
-4-'- --
.011
.4 -40
000 Q
h
H
4', 44
0
W1- 4 r/)
4/2zo
N 0C N.L -
0 CL M.CL 1.1- N
004 t114~ aJ1 I-. ;In1 0Z
g3 -- -cc -4 --c4-4 0 Z -.4 it it W) 2a~o I d -- 24 -0 NL
Sa - N M -. aHh Nf0- 4/N- r4'lll L.
40~~~~~~ 4/24 'O 40 '00. 4 -- - -C -\I C\I4- L4 0 C\4 4-. C\I : Cd Li.- I CdIC dINNIa . 0 0 0 031 -4 13 33 1-- N 1423-(2. 4. . . .. 4.4.C 4.4' N N N 00.-N4~~'l d000000000000000W0 6 O N - 0000000 U
v~~v~~v~v+~P- N N N N NWvX~v v~vWN~nW oooooo~
~~Y~~~C~~N~H oo55oooT
-539-
* -* z
* *OC
* 1 0
. 0-
N -N
Sa.
. 0x* 2-44* Nj
*0-.-
* 0442
*1- - - -
=Z
240
-0
u- 0
-0-WE-0=00424
-4
UI C
1- -
HO z
4-0
00(Uc~
I w
-4 -. -.21-am
--- 00 .
Oc = I-=•..
IC0 a
I I N 0 -66-
-1-1---
I II 1 -
--- 1-O
h hIIhW
4-4~O .
022v4-4-
-- 00 -- 1
vh 44-
O *m--..
00 N N0-I
* -i* 0*0
.3-,
* 0
.6.2
0
W
4
1-
W
0I
4
I I
0 4
0 0
cU--
II
Cd La.
0 000000
O1
3c 0
.,E4-
.4
*:1o dV3
.,0
o 0, .
.•.
Hz4
.-,
*01-,
:006
L) U
.zc7
.r4
.4-
0 v, •oZO
o•-6.
• •.-
• f - ..
:=
oOO •
:m•
o•..
v--m
co °9: w
°Z rn
-540-cl Z Z(V )r
111 W 0 I Ls' o
Z -e (-4I-- 0
0E-.-~ 0~ L~p W0
0L(JL U Qn
(V m 0
* ~ 0~
*r 0 c
*-r (V
U OV UUU U0
~-·CLW 3-540-
APPENDIX D
ANISOTROPIC UNDRAINED STRESS-STRAIN MODEL
- COMPUTER PROGRAM
D.1 PROGRAM DESCRIPTION
This computer program utilizes the anisotropic undrained stress-
strain model presented in Chapter 6 to compute the deviatoric stresses
along an arbitrary strain path for axisymmetric or plane strain problems.
The program is coded in FORTRAN IV (double precision).
The input phase consists of two parts:
1. Information specifying the model parameters and the initial condi-
tions. This includes:
a) the initial radius and the center coordinates of each
yield surface along with the initial plastic modulus and
a maximum allowable equivalent strain associated to it;
b) the elastic shear modulus;
c) the parameters governing changes in size and in plastic
moduli of the yield surfaces during plastic flow;
d) the initial deviatoric stresses, and;
2. Information defining the strain path to be followed. This is
achieved by specifying a series of deviatoric strain increment
vectors.
For each deviatoric strain increment vector, the program performs
the following steps:
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(1) Check the loading direction.
(2) Subdivide the strain increment vector into vectors cor-
responding to the maximum allowable equivalent strain, if
necessary.
(3) Compute the deviatoric stress increment vector and update
the deviatoric stress vector.
(4) Check if the stress point has crossed the next yield
surface.
(5) Update the yield surface parameters.
(6) Print the natural strains, the deviatoric stresses, the
current yield surface number and the number of intermediate
steps, at the end of each strain increment.
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D.2 USER'S MANUAL
D.2.1 MODEL PARAMETERS (UNIT = 5)
CARD 1 (215)
Note Columns Variable Entry
(1) 1-5 IN Device number for strain increment input
(2) 6-10 NY Number of yield surfaces
CARD 2 (6F10.3)
Note Columns Variable Entry
1-10 XG Elastic shear modulus
(3) 11-20 AM Value of A (Eq. 6.13)
m
(3) 21-30 XLRAT Value of H' /H'o (Eq. 6.13)
m m
31-40 XKOP Radius of the initial failure surface
41-50 XKLP Radius of the residual failure surface
51-60 AP Value of A (Eq. 6.15)
p
NOTES:
(1) IN is equal to 5 when the strain increments are input
in the same data set.(2) NY < 50
(3) The same value is used for all the yield surfaces.
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Note Columns
1-10
11-20
21-30
31-40
41-50
(1) 51-60
Columns
1-10
11-20
21-30
31-40
Variable
XA(I,1)
XA(I,2)
XA(I,3)
XH(I)
XH(I)
SMAX(I)
Variable
SIG(1)
SIG(2)
SIG(3)
SIG(4)
CARD 3,4,....,(NY + 2) (6F10.3)
Entry
First center coordinate of the Ith yield surface
Second " ," it It t if It
Third " " " " " " "it
Initial radius of the Ith yield surface
Initial plastic modulus of the Ith yield surface
Maximum equivalent strain increment to be
used in one step
CARD (NY + 3) (4F10.3)
Entry
Initial value of s
zz
i ts or s
rr xx
S t ts6 or s
t !t t s or s
rz xz
NOTE:
(1) When this field is left blank, the program automatically
sets SMAX(I) = 0.0001.
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D.2.2 STRAIN PATH INPUT (UNIT = IN)
CARDS 1, 2,... (4F10.3)
Note Columns Variable Entry
(1) 1-10 DST(1) de
zz
(1) 11-20 DST(2) de or de
rr xx
(1) 21-30 DST(3) dEee or dEyy
31-40 DST(4) dE or de
rz xz
NOTES:
(1) The following equation must be satisfied:
DST(1) + DST(2) + DST(3) = 0
The program automatically stops after the last card has
been read.
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D.3 PROGRAM LISTING
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APPENDIX E
SHEAR INDUCED PORE PRESSURE MODEL FOR ANISOTROPIC CLAYS
- COMPUTER PROGRAM
E.1 PROGRAM DESCRIPTION
This computer program utilizes the anisotropic shear induced pore
pressure model developed and presented in Chapter 7 to compute the shear
induced pore pressures along an arbitrary strain path for axisymmetric
or plane strain problems. The program is coded in FORTRAN IV (double
precision).
The input phase consists of two parts:
1. Information specifying the model parameters. This includes:
a) the initial center coordinates and the radius of each sphere
along with the rate of shear induced pore pressure generation
and a maximum allowable equivalent strain associated to it, and;
b) the maximum shear induced pore pressure that is reached
asymptotically in case of unloading, and;
2. Information defining the strain path to be followed. This is
achieved by specifying a series of deviatoric strain increment
vectors.
For each deviatoric strain increment vector, the program performs
the following steps:
(1) Check the loading direction.
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(2) Subdivide the strain increment vector into vectors cor-
responding to the maximum allowable equivalent strain, if
necessary.
(3) Compute the shear induced pore pressure increment.
(4) Check if the strain point has crossed the next sphere.
(5) Relocate the appropriate spheres.
(6) Print the natural strains, the shear induced pore pressure,
the number of the sphere currently used and the number of
intermediate steps, at the end of each strain increment.
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E.2 USER'S MANUAL
E.2.1 Model Parameters (UNIT = 5)
CARD 1 (215)
Note Columns Variable Entry
(1) 1-5
(2) 5-10
NYP
IN
Note Columns Variable
(3) 1-10 UMAX
Number of surfaces (spheres)
Device number for strain increment input
CARD 2 (Fl0.3)
Entry
Maximum shear induced excess pore pressure
NOTES:
(1) NYP < 50.
(2) IN is equal to 5 when the strain increments are input in
the same data set.
(3) See definition of (Aus)MAX in Section 7.3
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CARD 3,4,....,(NY + 2) (6F10.3)
Note Columns Variable Entry
1-10 XA(I,1) First center coordinate of the Ith sphere
11-20 XA(I,2) Second center coordinate of the Ith sphere
21-30 XA(I,3) Third center coordinate of the Ith sphere
31-40 XKP(I) Radius of the Ith sphere
41-50 XI(I) Rate of shear induced pore pressure generation
associated to the Ith sphere
(1) 51-60 PMAX(I) Maximum equivalent strain increment to be used
in one step
E.2.2 Strain Path Input (UNIT = IN)
CARDS 1,2,....* (4F10.3)
Note Columns Variable Entry
1-10
11-20
21-30
31-40
DST(1)
DST(2)
DST(3)
DST(4)
dc
zz
de or dS
rr xx
dcee or dEyy
dE or dE
rz xz
NOTES:
(1) When this field is left blank, the program automatically
sets PMAX(I) = 0.001.
(2) The following equation must be satisfied:
DST(l) + DST(2) + DST(3) = 0
* The program automatically stops after the last card has been read.
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(2)
(2)
(2)
(2)
E.3 PROGRAM LISTING
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APPENDIX F
DETERMINATION OF TOTAL STRESSES FOR THE
CONE PENETRATION PROBLEM
F.1 INTRODUCTION
This appendix describes a numerical method for obtaining the field
of octahedral total normal stress, ct from the field of deviatoric
stresses, s..i, by integrating the equilibrium equations. The strain
path method leads, in general, to a total stress field which does not
satisfy total stress equilibrium and thus, integration of the equilibrium
equations is path dependent (see Appendix B). In order to assess the
path dependency, integration is performed by two methods: the first method
performs integration along isochronic lines, whereas the second performs
integration along streamlines. Comparison of results obtained by the
two methods will provide valuable information in order to evaluate devia-
tions form total stress equilibrium. The computer programs necessary to
perform numerical integration according to the two methods are listed at
the end of this appendix.
F.2 METHOD OF SOLUTION
The total stress equilibrium equations in cylindrical coordinates for
the case of axial symmetry without body forces are given by:
An isochronic line is the locus (at a given time) of particles
initially located on an horizontal line (normal to the shaft axis).
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acr aa a - C 0r rz r
- + + = 0
ar az r
(F.1)
ao aa a
rz z rz
3r az r
The total stress a.. can be expressed in terms of the deviatoric stress
sij.. and the octahedral total normal stress aoct by:
.. 
= s..ij +  ct (F.2)
Substituting Eq. F.2 into Eqs. F.1 and rearranging terms, the equilibrium
in the radial (rj and vertical (z) directions at any point, in the de-
formed geometry, are given by:
aa as as s -s
oc t  sr a rz Sr -
3r ar Sz r
(F.3)
So as as soct rz z rz
az ar Sz r
Figure F.1 illustrate the two integration paths. When integration is
performed along isochronic lines (Fig. F.l.a) the value of aoct is known
in the far field (r + D) and integration proceeds in the direction of
decreasing r. On the other hand, when integration is performed along stream-
streamlines (Fig. F.l.b) the value of aoct is known in the far field
(z + - c) and integration process in the direction of increasing z.
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In both methods, a central difference iterative integration
scheme is used. The value of the octahedral stress at point Mk+1'
k+i k(ct) , is obtained from (ct) by means of the equation:
oct oct
k+i k oct oct(C ) = ( ) + dr + dz (F.4)
oct oct Dr az
oct octin which and are the partial derivatives of the octahedral
ar az
stress evaluated at point Ck (see Fig. F.1) and dr and dz are related
to the coordinates of the points Mk and Mk+1 by:
dr = rk+ - rk ; dz = k+- zk (F.5)
F.3 ISOPARAMETRIC ELEMENT AND
INTERPOLATION FUNCTIONS
Evaluation of the various terms in Eq. F.3 at location Ck in
Fig. F.1 is carried out by considering a nine node isoparametric ele-
ment, shown in Fig. F.2, similar to that used in some finite ele-
ment formulations (e.g., Bathe and Wilson, 1976).
The basic procedure consists of expressing the element coor-
dinates and field functions in the form of interpolations using the
natural coordinate system (s,t) of the element. The coordinates
interpolations are given by:
r(s,t) = Z h.(s,t) - r. ; z(s,t) = i h.(s,t) * z. (F.6)1 1 1 1
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in which h. (s,t) are the interpolation functions given in Table F.1,
1
and r. and z. are the physical coordinates at node i.
The isoparametric element shown in Fig. F.2 consists of nine
nodes (1 through 9) where the values of the deviatoric stresses,
s.., are known and of 4 nodes (a, b, c and d) where the right hand sides
of Eqs. F.3 are numerically evaluated. The relative locations of the
points Mk, M+1 and Ck (in Fig. F.1) in the isoparameteric element are
given in Table F.2 as a function of the method of integration
utilized.
The parabolic interpolation of a field function g in terms of its
values gi at node (i = 1, 2, ..., 9) is given by:
g(s,t) = hi (s,t) * gi (F.7)
After partial differentiation with respect to s and t, Eq. F.7 leads to:
ag(s,t) Dh.(s,t)
as as gi (F.8)
ag(s,t) Dh.(s,t)
at =t i
In order to obtain the partial derivatives of g in terms of the
physical coordinates, the chain rule of differentation is used:
ag ag as ag at
--Z s -z +t az
ag ag as ag at
ar - as ar + at ar
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This equation can be written as:
= [j] as (F. 10)
in which [J]- can be readily evaluated by inversion of the Jacobian
operator [J] given by:
[J] = Js (F.sll)
In summary, evaluation of the partial derivatives of the octahedral
total normal stress aoct at point Ck proceeds as follows:
1) evaluate sr, so, Srz and r at Ck (a, b, c, or d in Fig. F.2)
using Eqs. F.6 and F.7 together with the known values of the parameters
at the 9 adjacent nodes and the numerical values given in Table F.3.a;
2) evaluate and invert the Jacobian at Ck (Eq. F.11);
3) evaluate the partial derivatives with respect to s and t
of s, s and srz at Ck using Eqs. F.8 and the numerical values given
in Table F.3.a and b, and ;
aa aa aa aa
r rz rz a4) evaluate r rz rz and Z using the results of 2)arand 3) and Eq.r F.
and 3) and Eq. F.10.
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F.4 COMPUTER PROGRAMS: LISTINGS
F.4.1 Integration along Isochronic Lines
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F.4.2 Integration along Streamlines
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1 1 11 st(l+s) (l+t) t(l+t) (1+2s) 1 s(l+s) (1+2t)4 4 4
1 1 12 - -st(1-s) (1+t) - t(l+t) (1-2s) - s(1-s) (1+2t)4 4 4
1 1 13 st(l-s)(l-t) t(l-t)(1-2s) s(l-s) (1-2t)4 4 4
1 1 14 - st(l+s)(l-t) - - t(l-t)(1+2s) - - s(l+s) (1-2t)4 4 4
1 t(1-s2 ) (1+t) - st(l+t) (1-s) (l+2t)
2 2 2
6 1 s(1-s)(1-t 2 ) - (-t 2 ) (1-2s) st (1-s)2 2
7 1 t(l-s 2 ) (1-t) st(l-t) 1 (1-s) (1-2t)
2 2
1 s(l+s) (1-t) (1-t 2 ) (1+2s) - st(l+s)2 2
9 (1-s 2)(-t) - 2s(1-t) 2 t(2-s )
Table F.1 Interpolation Functions and Their Derivatives
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Method of Integration Mk M+ Ck
along isochronic lines 9 7 d
along streamlines
outmost streamline 5 1 a
central streamline 9 8 b
inmost streamline 7 4 c
Table F.2 Relative Location of the 9 Node Isoparametric
Element for Different integration Methods
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Node
a
b
c
d
g g g g g g g g g1 2 3 4 5 6 7 8 9
3 1 3
8 8 4
1 3 3
8 8 4
1 3 3
8 8 4
1 3 3
o 0 0 0 0 O
b)
as
Node g g2 g g g g g g 9
1 2 3 4 5 6 7 8 9
a 1 0 0 0 -1 0 0 0 0
b 0 0 0 0 0 0 0 1 1
c 0 0 0 1 0 0 - 1 0 0
1 1 3 3 3 3
16 16 16 16 6 8
C) ag
Node g g g 9 9 9 9 g g9
1 2 3 4 5 6 7 8 9
9 3 1 3 9 1 3 3 3
a - --
a 16 16 16 16 8 4 8 4 2
3 1 1 3 3 3
16 16 16 16 8 8
3 1 3 9 3 1 9 3 3
c16 16 16 16 8 4 8 4 2
d 0 0 0 0 0 0 - 1 0 1
Table F. 3 Values of Interpolations Functions and
Their Derivatives at the Nodes of Interest.
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Figure F.2 Isoparametric element.
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APPENDIX G
EXPANSION OF A CYLINDRICAL CAVITY IN NORMALLY CONSOLIDATED
BOSTON BLUE CLAY
This appendix presents the stresses and pore pressures caused
by the expansion of a cylindrical (vertical) cavity with an initial
zero radius in normally consolidated Boston Blue Clay (BBC) obtained
according to the numerical procedure outlined in Chapter 3. The results
are also compared with existing solutions. Closed form solutions utili-
zing hyperbolic stress-strain relationships are then presented to illus-
trate the important soil parameters governing the cavity expansion
problems.
G.1 PROPOSED SOLUTION
Consider an infinitely long (vertical) cylindrical cavity expanded
from zero radius in saturated (incompressible) normally consolidated
BBC. Deformations take place in a horizontal plane, i.e., under plane
strain conditions (dEz = 0) from an initial anisotropic (Ko ) state of
stress.
G.1.1 Stress-Strain Curves
In order to predict stresses and pore pressures in the soil due to
cavity expansion, the following are required:
1) the initial stresses, i.e., r = a + u andVo Vo O
h = K v + u before expansion;ho o vo o
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a -a o8
2) the shear stress ( 2 ) vs. radial (or tangential)
strain E (= - E).
r 0
3) the shear induced pore pressure, Aus, vs. E , and;
4) the vertical stress, az , or the mean total stress,
10oct = 3 (a + a + a ) during expansion. This can beOct 3 r 0 z
conveniently achieved by obtaining the variation of the
vertical deviatoric stress s (= az - a ) vs. Er.
z z oct r
Assuming normalized behavior (with respect to the vertical
consolidation stress, a ) the solid lines (labelled #1) in
vc
Fig. G.1 present the three required relationships for normally con-
solidated BBC.(r - a )/2 aa and s /a vs. Er (= -ES), are predicted
by the deviatoric stress model in Chapter 6 based on parameters derived
from laboratory tests on normally consolidated resedimented BBC (Table 6.1).
It is interesting to note that, according to the model, the rela-
tion (a - a )/2 a vs e is the same as T /o vs. y obtained from the
r vc r vc
(idealized) direct simple shear mode of shearing, Fig. 6.8, (noting
that the engineering strain y = 2 e ). Furthermore, the relationship
r
Aus/ v vs.E is predicted by the pore pressure model described in
s vc r
Chapter 7 using the parameters in Table 7.1 also determined by means of
laboratory tests on normally consolidated resedimented BBC.
G.1.2 Expansion Predictions in Normally Consolidated Boston Blue Clay
Stresses and pore pressure in the soil due to cavity expansion are
obtained by means of the numerical method described in Chapter 3. In-
tegration of the equilibrium equation begins at a radius equal to
200 times the final radius of the cavity (r = 200 R) where conditions at
infinity are imposed: = o + u ; and r = a = K a + u .
z vo o r 0 o vo o
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Using 105 intervals (i.e., 106 nodal points), the interval length
equals 10R_ at r = 200R and decreases with 1/(r - R) to provide better
resolution in zones of high stress gradients near the cavity wall.
At each nodal point, the natural radial strain, r , is calculated
(Eq.A.1) and thecorresponding values of r s and Au are evalu-2 z s
ated by means of the curves (labelled #1) in Fig. G.l. The calculations
described in Fig. 3.3 proceed until r = 1.003R . The solution ac-
curacy was checked by increasing the outer boundary radius and the
number of intervals. Differences in stresses less than 0.1% were
considered acceptable.
The predicted distributions of stresses and pore pressures due to
the expansion of a cylindrical cavity (from zero radius) in normally
consolidated Boston Blue Clay are plotted in Fig. G.2 which shows
that:
1) the peak undrained shear strength is reached at a radius
r = 3.4R. This follows from Fig. G.1 which indicates that the
peak strength is reached at e = 4.4% and, for an incompressible
soil, r = ½(R/r) 2.
2) The effect of cavity expansion extends to very large radii.
For example, or and a experience a 4% change from their initial
value at r = 100R. This is caused by the relatively large ini-
tial tangent modulus used in the model (G. = 183 vo , Fig. G.1).
3) At the cavity wall, or' az and aC are the major, intermediate
*
The natural radial strain, er, increases to infinity when r + R.
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and minor principal stresses, respectively;
4) the excess pore pressure, Au, is significant (5% of a )
vo
up to 20R;.
5) the shear induced pore pressure, Au , is a small fraction
s
(about 25%) of the total excess pore pressure, Au, and;
6) the minor effective principal stress, -a , remains
compressive at any radius. No hydrofracture is therefore
expected. When the peak strength of the soil is reached (r = 3.4R)
a is reduced to 16% of its initial value.
G.1.3 Effect of Strain-Softening
Strain-softening behavior is difficult to measure reliably in
the laboratory, especially at the large strains expected near the
cavity wall (see Fig. 3.1). In order to evaluate the effects of un-
certainities in strain-softening behavior, results were obtained for
a perfectly plastic material (no strain-softening or hardening beyond
the peak strength) and compared to the strain-softening soil treated
above. Figure G.3 illustrates the effect of strain-softening. As
expected, the two analyses yield identical results for large radii
(r > 3.4R) where the prepeak stress-strain relationships for the two
soils are the same. At small radii (r < 3.4R), strain-softening re-
duces the gradients of stresses such that at the cavity wall a /•r
r vo
is reduced by 8.5%.
G.2 EXISTING SOLUTIONS
G.2.1 Cam-Clay Model
Randolph et al (1978) employ the finite element technique to
This also applies to the effective stresses.
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analyze the expansion of a cylindrical cavity from zero radius using
*
the "modified Cam-Clay" model for soil behavior (Roscoe and Burland,
1968; Schofield and Wroth, 1968). Since the finite element program
used by Randolph et al. does not account for the large strains associated
with a cavity expanded from a zero radius, they double the radius R of
o
an existing cavity and then utilize an approximate procedure to extra-
polate the results between 2Ro and v- R (final radius of the ficti-
tious cavity with initial zero radius).
The total and effective stress distributions predicted by Randolph
et al., (1978) for a normally consolidated deposit with "properties
similar to BBC" are represented by the solid lines in Fig. G.4. For
the sake of comparison, the three stress-strain curves utilized by
Randolph et al. were backfigured from their results (in Fig. G.4)
and plotted in Fig. G.l. The procedure followed herein to obtain these
curves consisted of:
1) Compute the strains at a selected number of normalized radii,
r/R [e = - e = (R/r)2]
2) Evaluate (a - a )/2', s and Au- from the given values of
r z s
ar' e ' yz and Au (in Fig. G.4) and the equations:
ar ae ar - (G.1)
.1
zs z - a (2z- r - a) (G.2)z - oct 3 - r
s 3 r 6 z
Refer to Section 8.2.2 for a discussion of the model and the
parameters utilized by Randolph et al. (1978)
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G.2.2 Elastic Perfectly-Plastic Model
The modelling of the shear behavior of soils by means of the elas-
tic perfectly-plastic model is particularly attractive in cavity
expansion problems because closed form solutions are available (see
Appendix A). The stress-strain curves labelled #3 in Fig. G.1 repre-
sent the behavior of an elastic perfectly-plastic material described
by G = 25 ve and V = 0.50 in the elastic range and by s = 0.34 'v
at failure. These parameters were utilized by Randolph et al. in their
modified Cam-Clay predictions. A comparison between the stress-strain
curves according to the Cam-Clay model (curves 2 in Fig. G.1) and those
of the elastic perfectly-plastic material (curves 3 in Fig. G.1)
show that:
(ar - a)
1) the variation in 2 vs.E r is virtually identical in
the two models with the Cam-Clay providing a smoother transition between
"elastic" and "plastic" behavior;
2) the elastic perfectly-plastic material predicts no change in
s until failure is reached and then s drops suddenly to zero. The
z z
Cam-Clay predicts a sharp,but continuous decrease in s until Er 2,6%
when sz vanishes, and;
3) the elastic perfectly-plastic model does not predict the
shear-induced pore pressures, Aus (lower diagram of Fig. G.1).
The total and effective stresses due to cavity expansion as pre-
dicted by the elastic perfectly-plastic model are shown by the
dashed lines in Fig. G.4. We note that:
Assuming Au = AG i.e., u = 0 and using the equations derived
in Appendix A (Table AO.) with A = 1/3.
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1) the total stresses predicted by the elastic perfectly-plastic
model are very similar to the Cam-Clay solutions (upper diagram in
Fig. G.4), but a) are slightly larger in the critical state region
(a - a
(r < 5.2R) because of the higher shear resistance 2 in the2
transition between elastic and perfectly plastic behavior
(0.5 < Er < 3.0% in the upper diagram of Fig. G.l),and b) exhibit
a sharply different behavior between the elastic and plastic regions
(rp = 8.6R = radius of the plastic zone) whereas the Cam-Clay predicts
a smooth variation of stresses throughout the field. This is especially
clear for a which is governed by the relationship between
z
s vs. shown in Fig. G.1.
z r
2) By neglecting the shear induced pore pressures, Aus, the
elastic perfectly-plastic model predicts slightly lower pore pressures
and, hence higher effective stresses (lower diagram in Fig. G.4).
However, had Aus been introduced, the inverse would have taken place.
In conclusion, predictions obtained by the Cam-Clay model for the
expansion of a cylindrical cavity are practically the same as those
predicted with the elastic perfectly-plastic model. This is due to
av - a
the overriding influence of the relationship between 2 and
Er on the results. Figure G.1 indicates that this relationship is
virtually the same in the two models.
G.3 COMPARISON OF PREDICTIONS
Figure G.5 compares predictions of the radial stresses, ar'
and the excess pore pressures, Au, in the soil as obtained by: a) the
proposed solution in Section G.1 (solid lines); b) Randolph et al. for
the Cam-Clay (dashed lines), and; c) the elastic perfectly-plastic
material (dotted lines).
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G.3.1 Radial Total Stresses
The radial total stress ar during expansion of a cylindrical
r -
cavity is controlled by the shear resistance 2 of the2
soil and radial equilibrium;
da a -r r 
- -
(  ) (G. 4)dr r
Noting that d [log(r/R)] = dr/(2.3r), Eq. G.4 becomes:
d ar
d[log r] = - 2 . 3 (ar - ) (G.5)
This equation indicates that the slope of the curve of ar vs. log (r/R)
(ar  )
is proportional to the shear resistance of the soil - 2- - at2
the strain level Er considered [er ½" (R/r)2 ]. This observation is
useful in comparing predictions of different models in Fig. G.5.
1) At large radii (r > 10R, er < 0.5%),the proposed model
predicts higher radial stresses because its shear resistance (or stiff-
ness) at low strains is larger than the Cam-Clay (Fig. G.1).
2) Near the cavity wall (r < 10R, Er >0.5%), the proposed model
predicts a smaller rate of increase with log (r/R) because its shear
resistance is lower than the Cam-Clay (or the elastic perfectly-
plastic)model (Fig. G.1).
3) In spite of a much lower strength (see Fig. G.1) the proposed
model predicts practically the same value of ar at the cavity wall
(within 10%) as the Cam-Clay (or the elasto-plastic model). The higher
initial stiffness of the proposed model reduces the effect of a much
smaller strength.
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G.3.2 Pore Pressures
The excess pore pressures generated by undrained cavity expansion
are caused by: a) shear induced pore pressures, Aus, and; b) changes in
octahedral (or isotropic) total stress, Acctoct"
The lower diagram in Fig. G.1 shows that the two models predict
virtually identical Aus up to er = 2% and that at larger strains, the
maximum discrepancy is less than 0.15 a . On the other hand, the
vo
changes in isotropic total stress, AOct, are much more difficult to pre-
dict from the stress-strain curves in Fig. G.l. The next section il-
lustrates the effects of varying both the undrained shear strength and
the initial tangent modulus on Acr
oct.
G.4 SIMPLIFIED PROCEDURES TO ESTIMATE PORE
PRESSURES DURING CAVITY EXPANSION
G.4.1 Introduction
The excess pore pressures, Au, in the soil due to cavity expansion
are important because: 1) they can be used to estimate the excess pore
pressures caused by pile driving at some distance behind the pile, and;
2) measurements of these pore pressures are available in a number of
clays and hence can be used to evaluate the available prediction methods
and the appropriate soil parameters.
In this section an attempt is made to identify the important
soil parameters affecting the generation of pore pressures due to
cavity expansion. This is difficult to achieve using the soil models
introduced so far (the Modified Prevost, Chapter 6, the Cam-Clay and the
elastic perfectly-plastic models). The first two are complicated and
hence the effect of varying a given input soil parameter on the pore
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pressure predictions is not easy to assess. The elastic-perfectly
plastic model does not realistically model the response of soils espe-
cially at small strains.
The hyperbolic model developed by Duncan and Chang (1970) is
successfully used in modelling the shearing behavior of soils, espe-
cially at small strains, and is particularly suited to the one-dimen-
sional cavity expansion problems because it can provide closed-form
solutions of ar and a0 in the soil. In the following sections, the
hyperbolic soil model will be used to predict the excess pore pressures
resulting from cavity expansions and perform a parametric study to
investigate the influence of some soil parameters on these pore pressures.
G.4.2 Hyperbolic Relations
The excess pore pressure developed due to cavity expansion, Au, is
the sum of: 1) the incremental octahedral stress, Acoct; and; 2) the
shear induced pore pressure, ~us, i.e.,
Au = AG + Au (G.6)
oct s
where
1Aa = -(AG + Aa + A ) (G.7),
oct 3 r 0 z
1
orAu = - (a + AG + AG ) + Au (G.8)3 r z s
For a given stress-strain relationship, values of AG and aaG
can be easily determined from equilibrium considerations at any radius
around the cavity. Curve #1 in Fig. G.6 shows the shearing resis-
tance of Boston Blue Clay as modelled by the hyperbolic relationship:
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a -a 28
r = = f(e ) (G. 9)1 28 r
2_ r2vo +
1 vo u vo
where the values of the normalized initial shear modulus and undrained
shear strength are those used in the Modified Prevost model (curve #2
in Fig. G.6), namely, Gi/ o = 183 and s avo = 0.26.
The variation of a during cavity expansion is difficult to predict
z
reliably, but can be estimated by plastic deviatoric models such as the
Modified Prevost model (Chapter 6) or the Cam-Clay model. Figure
G.1 illustrates the variation of a according to these models by
z
means of the deviatoric stress sz given by:
1
s = - = (2a - a - a ) (G.10)
z z oct 3 z r e
2
In both models, s starts at the value (s ) [=•- - Gh)
2 2 -
= (vo - ho =  (1 - Ko) a , decreases due to shearing and ulti-3 vo ho 3 0 vo
mately vanishes. Using Eq. G.10,, Ac can be expressed in terms of sz
as follows:
3 1A = s + -Z(A + A) - ( - ) (G11)
z 2 z 2 r 0o vo
Combining Eqs. G.8 and G.11 we get:
1 1 1- K
Au = -(AG + A) + 
- 
( ) + Au (G.11)S+ 2 z 3 vo s
The shear induced pore pressures Aus depend on the clay type, the
overconsolidation ratio and the vertical effective stress. Figure G.1
shows the variation of Au /a for normally consolidated Boston Blue
s vo
Clay.
-584-
For the hyperbolic model described by Eq. G.9 , Aar and Aae are
given by (Prevost and Hoeg, 1975):
Ax = s in 1~ + 2.(Gi/S u ) E ] (G.13)r U 2 u r
Acr = A - 2f(c ) (G.14)
In order to estimate Au, expressions for s and Au are needed at
z s
various strain levels. Assuming hyperbolic relations, we write:
sz (s z) 2
- = (G.15;,1 28Cx Cx r
vo vo - +A B
and
Au 26
s r
ls r (G.16)
S 1 28
vo r
C D
where
2
(s ) =--(1- K ) (G.17)
z o 3 o vo
Curves #1 in Fig. G.6 show plots of Eqs. G.15 and G.16 for A = 26,
B = 0.308, C = 13 and D = 0.36. Combining Eqs. G.12 through G.17, the
following expression for Au/c is obtained:
vo
Au 2E 2E 28
r r r
- s Zn(l+28 Gi/Su) - r +(G.18S u r G u 1 2E 1 2E 1 2E
vo + r + r + r
Gii /o Su /vo A B C D
i vo u vo
The pore pressure and the stress distributions in the soil mass
surrounding the cavity predicted according to the hyperbolic relations
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(Eq. G.18) are shown in Fig. G.7. Also shown for comparison are the pre-
dictions of the Modified Prevost model. The comparison shows excellent
agreement between the two models. This allows the use of the hyper-
bolic model to perform a parametric study to investigate the effects of
soil properties on the pore pressures developed due to the expansion of
a cylindrical cavity.
G.4.3 A Parametric Study
This section illustrates the importance of the initial tangent
shear modulus, Gi , and the undrained shear strength, s , on the excess
pore pressures developed due to the expansion of a cylindrical cavity
in normally consolidated Boston Blue Clay.
For s /vo = 0.26 and using Eq. G.18 with A = 26, B = 0.308, C = 13,
and D = 0.36, Fig. G.8a shows the effect of G. on the normalized pore
1
pressures, Au/ v, in the soil around the cavity. G. essentially con-
vo 1
trols the pore pressures at small strains (at large radii). A four
fold increase in Gi (from 183 to 732 vo) increases the pore pressure
at the cavity wall from 1.66 to 2.03 a (i.e., by 22%) and at r/R = 5
vo
from 0.73 to 1.08 a (i.e., by about 50%). Similarly, for G./a = 183,
vo 1 vo
Fig. G.8b shows that s controls the rate of increase of Au/a near the
u vo
cavity wall. An increase in s from 0.26 to 0.35 a increases Au/a
u vo vo
at the cavity wall from 1.66 to 2.04 a (i.e., by about 23%) and at
vo
r/R = 5 from 0.73 to 0.84 (i.e., by 16%).
Figure G.9 shows laboratory and field measurements of the secant
shear modulus, G , of BBC at different strain levels. Conventional
s
laboratory tests (e.g., DSS, TC, ... etc.) provide reasonable values
-3
(within a factor of 2 to 3) down to y = 1 to 2 x 10 . On the other
hand, at small strain levels (y < 10- 3, r/R> 30), values of G can only
s
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be determined by means of dynamic testing. The results depend
on the testing method and exhibit significant scatter
(Gs/ao 100 to 2000).
Curve #1 in Fig. G.10 shows the variation of Gs with y according
to the hyperbolic model for G. = 183a and s = 0.26c used in the
1 vo u vo
analysis in Fig. G.7. For comparison, the same plot shows (curve #2)
predictions of the proposed model (for the same G. and s ) and predictions
1 U
of the hyperbolic model (curve #3) when G. increases 4 times
1
Clearly, results in Figs. G.9 and G.10 indicate that G. could
have been increased 4 times in view of the scatter of experimental data.
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Comparison of predicted stress-strain curves for CKoU
undrained expansion of a cylindrical cavity in normally
consolidated Boston Blue Clay.
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Figure G.2 Predicted stress distributions after undrained expansion
of a cylindrical cavity in normally consolidated BBC.
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Figure G.4 Comparison of predicted stress distributions after expansion
of a cylindrical cavity: modified Cam-Clay and elastic-
perfectly plastic materials (OCR = 1).
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Figure G.5 Comparison of three predictions for the stress distributions
after undrained expansion of a cylindrical cavity in normally
consolidated Boston Blue Clay.
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Figure G.6 Hyperbolic stress-strain curves for CKoU undrained expansion
of a cylindrical cavity in normally consolidated Boston Blue
Clay.
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Simplified stress distributions after undrained expansion
of a cylindrical cavity in normally consolidated Boston
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Figure G.8 Effects of varying undrained shear strength and initial
tangent modulus on the pore pressure developed in normally
consolidated BBC (hyperbolic relationships, Eq. G.18).
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O
APPENDIX H
CLOSED FORM SOLUTIONS FOR THE PORE PRESSURE DISSIPATION
AROUND SPHERICAL AND CYLINDRICAL CAVITIES
This appendix presents closed-form analytical solutions for
the pore pressure dissipation around spherical and cylindrical imper-
vious cavities in a linear isotropic elastic solid when drainage
occurs at infinity (r + c) as well as at a finite radius. Three
initial normalized excess pore pressure distributions are consi-
dered: constant, linear and logarithmic distributions, Fig. H.1. The
initial radial extent of excess pore pressures is described by the
parameter X.
When the soil extends to infinity, consolidation is governed
by the Terzaghi-Rendulic equation involving no coupling between pore
water pressures and total stresses (see Chapter 9). The Terzaghi-
Rendulic equation is identical to the heat equation governing the
diffusion of heat in solids and, therefore, the same solution techniques
can be utilized (Carslaw and Jaeger, 1959).
The technique of solution used herein consists of superimposing
a continuous distribution of spherical (or cylindrical) sources at
time t = 0 so that the desired initial pore pressure distribution is
achieved. The pore pressure at a point M at time t due to an
instantaneous source of strength unity at point M' at time 0 is known
as a Green's function. Carslaw and Jaeger (1959) provide these
Green's functions for many geometries and boundary conditions.
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Application of heat conduction equations to consolidation problems is
carried out by simply substituting the temperature and the dif-
fusivity by the pore pressure and the coefficient of consolida-
tion respectively.
The problems of consolidation around cavities with drainage at
a finite radius are presented in this appendix for the main purpose
of checking the accuracy of the solutions with drainage at infinity.
Solutions to these problems are only strictly applicable to cavities
in a linear isotropic elastic solid extending to infinity with an
abrupt change in permeability properties (i.e., k -+ co) at a radius
r = XR. In problems where the solid has a finite external radius,
solutions of this appendix are only approximate (especially at early
times) because of the coupling between pore pressures and total
stresses arising in such problems.
iIl SPHERICAL CAVITY: FREE DRAINAGE AT INFINITY
1.1.1 General Solution
The normalized excess pore pressure, u (= Au/(Au) i), at the
impervious) wall of a spherical cavity in an isotropic material with
free drainge at infinity and due to a unit instantaneous point source
(at t = 0) located at a radius r is given by (Carslaw and Jaeger, 1959,
-1 (r - R)2
u = exp {- }_
r 47 rR2(ITT) 4 R2T
- V/7 exp {T + --- R} erfc {VT + r - (H.1)
R 2R /JT
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in which:
R = cavity radius;
ct
T = time factor = - 2R
t = time;
c = coefficient of consolidation, and;
erfc = complentary error function = 1 - erf.
The normalized excess pore pressure, u, at the cavity wall due
to an initial(spherical) excess pore pressure distribution described
by the function f(r) (R < r < XR)is obtained by double integration
of u (Eq. H.1); first over the sphere located at radius r and then
XR
U r 41Tr 2 f(r) tu rodr (H.2)
R
Substituting Eq. H.1 into Eq. H.2 and, introducing r = r/R, we finally
obtain:
S/ exp -{(r - 1) 2/4T}
u(T) = r f(r) [
1
- exp{T + r - 1} * erfc{/T + (r - 1)/2v/}] dr (H.3)
Equation H.3 thus provides the variation with time of the
normalized excess pore pressure at the (impervious) wall of a spherical
The error function, erf, is defined as:
erf(x ) = exp{-C 2 } dC
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cavity for any given initial radial pore pressure distribution,
f(r), when free drainage occurs at infinity.
H.1.2 Constant Initial Pore Pressure Distribution
Substituting the expression of f(r)given in Fig. H.1 into Eq. H.3
and integrating with respect to r, we obtain:
x - I (X - 1)
u(T) = erf{ --- } - ( - 1) exp{T + 1 - 1} erfc{V' + } (H.4)2VT 2JT
u(T) has been calculated for specific values of X and the
results are given in Table H.l. In order to present the results in a
more compact form, it was found advantageous to divide the time factor
by 12 . As seen in Table H.l,u at a given T/X2 is virtually independent
of X for large values of X (X > 10, say). This suggests that the
time factor, T,would be better defined in terms of the radius of the
zone of excess pore pressure; i.e., by using (XR)2 rather than
R2. However, the cavity radius, R, which is known with more certainty,
proves to be more useful, in practice, as a normalizing distance
in the time factor.
Figure H.2 presents plots of u versus T for X = 10, 20, 50
and 100, as solid lines.
H.1.3 Linear Initial Pore Pressure Distribution
Substituting the expression of f(r) given in Fig. H.1 into
Eq. H.3 and integrating with respect to r, we obtain:
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X X- 4 T (X-l) 2
u(T) = (---) erf {--- - (---)(-) [1 - exp {- -}]-
X-1 2/T X-1i ~ 4T
1 X-2 (X-1)
- (---) xp{T} erfc{/T}- - (-) exp{T+ X - 1 erfc{/T+ --- }
X-1 X-1 2/Tl
..... (H.5)
u(T) has been calculated for specific values of X and the results are
given in Table H.2. Figure H.3 presents plots of u versus T for
X = 10, 20, 50 and 100, as solid lines.
H.1.4 Logarithmic Initial Pore Pressure Distribution
The logarithmic initial pore pressure distribution is of parti-
cular interest because it represents the initial condition after ex-
pansion of a cylindrical cavity in an elastic perfectly-plastic
material. However, integration of Eq. H.3, after substituting
f(r) by its expression given in Fig. H.1, is mathematically intract-
able. Consequently, integration of Eq. H.3 was carried out numerically
by Simpson Quadrature with the subroutine SQUANK (Lyness, 1970).
Variation in u versus T/X2 for specific valus of X is given in
Table H.3. Figure H.4 presents plots of u versus T for X = 10, 20 50
and 100, as solid lines.
The accuracy of the results in Table H.3 was assessed indirectly
by evaluating Eq. H.3 for a linear initial pore pressure distribution
with the subroutine SQUANK and comparing the numerical values with
those in Table H.2 (obtained from the closed-form solution, Eq. H.5).
The values obtained by the two methods differed by less than 10-  and,
thus the results in Table H.3 are believed to be accurate to the
last digit.
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H.2 SPHERICAL CAVITY: FREE DRAINAGE AT r = AR
H.2.1 General Solution
The normalized excess pore pressure, ur (= Au/(Au) i ) , at the
(impervious) wall of a spherical cavity in an isotropic material
with free drainage at r = AR and due to a unit instantaneous point
source (at t = 0) located at a radius r is given by (Carslaw and
Jaeger, 1959, p. 367):
1
ur = exp{- a2 R2 T) R (R) R (r) (H.6)
2 TrrR
n=l
in which,
sin{an ( r - R)} + anR cos{a n ( r - R)}
R (r) = (H.7)
n /AR + (X - 1) R3 a 2
n
and the an are the positive roots of the transcendental equation:
sin{(A - 1) Ra} + aR cos{(( - 1) Ra} = 0 (H.8)
The normalized excess pore pressure, u, at the cavity wall
due to an initial (spherical) excess pore pressure distribution
described by the function f(r) (R < r < AR) is obtained by double
integration of ur (Eq. H.6), first over the sphere located at radius r
r
and then from r = R to r = AR (invoking the superposition principle):
u = 4T r2 f(r) u dr (11.9)
R
0 < a, < z2 < " < n <
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Substituting Eq. H.1 into Eq. H.2 and, introducing r = r/R and,
a = GR, we finally obtain:
u(T) = 2 r f(r) x
1
X + (X - 1) a[IexP•&2T~ % [sin{3 (r - 1)} + " cos{n -rh=1 n
.... (H.10)
in which the n are the positive roots of the transcendental equation:n
tan{az(x - 1)} + a = 0 (H.11)
Equation H.10 thus provides the variation with time of the
normalized excess pore pressure at the (impervious) wall of a
spherical cavity for any given initial radial pore pressure distribu-
tion, f(r), when free drainage occurs at r = XR.
The roots En of Eq. H.11 are independent of the initial pore pres-
n
sure distribution and are only functions of the normalized
drainage radius, X. The first 1000 roots an (i.e., n = 1, 2, ..., 1000)
were evaluated for specific values of X by means of Newton's method
(Rektorys, 1969, p. 1178).
H.2.2 Dissipation Results for Three Initial Pore Pressure
Distributions
Integration of Eq. H.10, after substituting f(r) by any of the
Calculation of the series (in Eq. H.10) never required more than
1000 terms for reaching the desired accuracy in the results
presented below.
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three expressions given in Fig. H.1, is mathematically intractable.
Consequently, integration was carried out numerically by means of
the subroutine SQUANK.
Variation in u versus T/X2 for constant, linear and logrithmic
initial pore pressure distributions are given in Tables H.4, H.5
and H.6 respectively, for specific values of X. The corresponding
plots of u vs. T for X= 10, 20, 50 and 100 are shown as dashed lines
in Figs. H.2, H.3 and H.4, respectively.
Results in Fig. H.2 shows that for a constant initial pore
pressure distribution, dissipation proceeds much faster when
drainage occurs at r = XR (dashed lines) than when drainage occurs at
infinity (solid lines). On the other hand, the effect of boundary
drainage is less pronounced for a linear and almost negligible for a
logarithmic initial pore pressure distribution (Figs. H.3 and H.4,
respectively).
H.3 CYLINDRICAL CAVITY: DRAINAGE AT INFINITY
K3.1 General Solution
The normalized excess pore pressure, ur (=Au/(Au) ), at the
(impervious) wall of a cylindrical cavity in a cross-anisotropic
material with free drainage at infinity and due to an instantaneous
point source (at t = 0) located at a radius r is given by (Carslaw
and Jaeger, 1959, p. 370):
1 0
~ 
= 
- exp{- TR2 }2C(,,R) C(C,r) C dC (H.12)
2rr 1T
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in which
J (r) y (CR) - y o(r) J (CR)
C(J,r) -
/J4(r) + y (CR)
J = Bessel function of the0
Jy = Bessel function of the
y = Bessel function of the
Y, = Bessel function of the
first kind of order 0;
first kind of order 1;
second kind of order 0;
second kind of order 1;
The normalized excess pore pressure, u, at the cavity wall due
to an initial (cylindrical) excess pore pressure distribution described
by the function f(r) (R < r < XR) is obtained by double integration of
ur (Eq. H.12), first over the cylinder located at radius r and then
from r = R to r = XR (invoking the superposition principle):
u =
R
2n r2f(r) u dr
r
(H.14)
Substituting Eq. H.12 into Eq. H.14 and, introducing r = r/R and,
= aC, we finally obtain:
u(T) = - r f(r) exp{- T 2} x
1 f
Yo(r ý) J1 ( ) - Jo(r ý) Y1 ( )
J2 ( () +I(• YI( ) dj dr (H.15)
Note that C(ý,R) reduces to 2/(1TCR) according to Eq. 20,
p.489 of Carslaw and Jaeger (1959).
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(H.13)
Equation H.15 thus provides the variation with time of the
normalized excess pore pressure of the (impervious) wall of a cylin-
drical cavity for any given initial radial pore pressure distribution,
f(r), when drainage occurs at infinity.
The Bessel functions in Eq. H.15 were evaluated by means of the
polynomial approximations given by Abramowitz and Stegun (1965, pp.
369-370).
H.3.2 Dissipation Results for Three Initial Pore Pressure Distributions
Evaluations of u(T) in Eq. H.15 for a given f(r) requires
double integration. This was achieved numerically by means of the
subroutine SQUANK.
Variation in u versus T/X2 for constant, linear and logarith-
mic initial pore pressure distributions are given in Table H.7,
H.8 and, H.9, respectively, for specific values of X. The corres-
ponding plots of u vs. T for X = 10, 20, 50 and 100 are shown as
solid lines in Figs. H.5, H.6 and, H.7, respectively.
H.4 CYLINDRICAL CAVITY: FREE DRAINAGE AT r = XR
H.4.1 General Solution
The normalized excess pore pressure, ur (= Au/(Au) ), at the
(impervious) wall of a cylindrical cavity in a cross-anisotropic
material withi free drainage at r = XR and due to an instantaneous
point source (at t = 0) located at a radius r is given (after simplifi-
cations) by (Carslaw and Jaeger, 1959, p. 370):
-n J (a) Yo(r an) - Y(an) Jo( r (n)
u = a ) exp{- nT} (H.16)
n=l 2R 2  J (an)
n=1 1 n)
[ ]2 -1
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in which the a are the positive roots of the transcendental equation:
n
J (a) Y (X a) - y (a) J (X a) = 0 (H.17)
The normalized excess pore pressure, u, at the cavity wall due
to an initial (cylindrical) excess pore pressure distribution described
by the function f(r) (R < r < XR) is obtained by double integration of
ur (Eq. H.16), first over the cylinder located at radius r and then from
r = R to r = XR (invoking the superposition principle):
XR
u =e 2 r2f(r) u dr (H.18)
R
Substituting Eq. H.16 into Eq. H.18 and remembering that
r = r/R, we finally obtain:
X
u(T) =- r
1
ax
n
J(an) yo (r a) - Y (a) J (r an) _7T j - (H.19)
x ( ) exp (a)
J (Xan)
Equation H.19 thus provides the variation with time of the
normalized excess pore pressure at the (impervious) wall of a cylin-
drical cavity for any given initial radial pore pressure distribution,
f(r), when free drainage occurs at r = XR.
The roots a of Eq. H.17 are independent of the initial pore
n
pressure distribution and are only a function of the normalized
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drainage radius, X. The first 1000 roots a (i.e., n = 1, 2, ..., 1000)
evaluated for specific values of X by means of Newton's method. Approxi-
mate seed values for aX were obtained from (Lipow and Zwick, 1955):
n
- _ (n -0.5)
a T (H.20)
n ( 1(1 - 1)
The first 50 roots an (n = 1,2, ..., 50) are given in Table H.10
for selected values of X.
H.4.2 Dissipation Results for Three Initial Pore Pressure Distributions
Evaluation of u(T) in Eq. H.19 for a given f(r) requires inte-
gration. This was achieved numerically by means of the subroutine
SQUANK.
Variation in u versus T/X2 for constant, linear and logarithmic
initial pore pressure distributions are given in Tables H.11, H.12
and, H.13, respectively for specific values of X. The corresponding
plots of u vs. T for X = 10, 20, 50 and 100 are shown as dashed lines
in Figs. H.5, H.6 and, H.7, respectively.
Results in Figs. H.5, H.6 and H.7 exhibit a trend similar to
those mentioned previously for the dissipation around spherical
cavities. For a constant initial pore pressure distribution (Fig.
H.5), dissipation proceeds much faster when drainage occurs at r = XR
(dashed lines). On the other hand, the effect of boundary drainage is
less pronounced for a linear and almost negligible for a logarithmic ini-
tial pore pressure distribution (Figs. H.6 and H.7, respectively).
Calculation of the series (in Eq. H.19) never required more
than 1000 terms for reaching the desired accuracy in the results
presented below.
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Comparing the results in Tables H.8 and H.12 (or H.9 and H.13)
we note that at early times the pore pressures are identical for the
two boundary drainage conditions. Since these pore pressures are
evaluated by means of different equation this provides further
confirmation on the expected accuracy.
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APPENDIX I
FINITE DIFFERENCE COMPUTER PROGRAM
FOR NON-LINEAR CONSOLIDATION
I.1 PROGRAM DESCRIPTION
The computer program described in this appendix solves linear
and nonlinear one-dimensional consolidation problems for rectilinear,
cylindrical and spherical geometries. Approximate numerical solutions
are obtained by means of the finite difference technique according to:
(a) the explicit scheme (see, for example, Soderberg, 1962) for all
geometries, and; (b) the Crank-Nicolson (1947) scheme for rectilinear
geometry only. Soil nonlinearities are treated with the simplified
model proposed by Baligh and Levadoux (1978) where different values
are assigned to the coefficient of consolidation whether the clay is
normally consolidated or overuonsolidated.
The accuracy of the results is very much dependent on the mesh
and time step utilized as well as the initial pore pressure distribu-
tion. It is thus strongly recommended to verify the adequacy of mesh
resolution and time step by checking the program for problems where
closed-form solutions exist; Terzaghi (1943) for rectilinear and
Appendix H for cylindrical and spherical geometries.
The remainder of this appendix presents a detailed user's manual
and a complete listing of the program (coded in FORTRAN IV double
precision).
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1.2 USER'S MANUAL
I HEADING CARD
CARD 1 (9A8)
Note Columns Variable Entry
(1) 1-72 TITLE Enter the master heading information for use in
labeling the output.
NOTES:
(1) An unlimited number of problems can be solved sequentially.
However, each problem must begin with a new heading card.
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II MASTER CONTROL CARDS
CARD 1 (812)
Note Columns Variable Entry
1-2 NGEOM Type of geometry:
EQ. 0, Rectilinear geometry
EQ. 1, Cylindrical geometry
EQ. 2, Spherical geometry
(1) 3-4 NSCH Method of analysis:
EQ. 0, Explicit scheme
EQ. 1, Crank-Nicolson scheme
5-6 NLIN Type of analysis:
EQ. 0, Linear analysis
EQ. 1, Nonlinear analysis
7-8 NLOAD Type of loading:
EQ. 0, Step load
EQ. 1, Variable load
EQ. 2, Cyclic load
(2) 9-10 NMODE Operation mode:
EQ. 0, Complete calculation
EQ. 1, Data check only
11-12 NINI Type of initial conditions:
EQ. 0, Normally consolidated deposit
EQ. 1, Initial conditions are read in and linearly
interpolated
EQ. 2, Initial conditions are read in and inter-
polated with a polynomial fit
13-14 NSTEP Time step control:
EQ. 0, Automatic time step selection
EQ. 1, User's provided time step
(3) 15-16 NALG Algorithm indicator:
EQ. 0, Regular algorithm
EQ. 1, Fast algorithm
NOTES:
(1) The Crank-Nicolson scheme is implemented for the rectilinear
case only.
(2) If NMODE = 1, all information are read in and printed out, but
the program stops just prior to execution.
(3) The fast algorithm is only applicable to the Crank-Nicolson
scheme.
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II MASTER CONTROL CARDS (continued)
CARD 2 (6A8)
Note Columns Variable Entry
1-16 UNIT(1)
UNIT (2)
17-32 UNIT(3)
UNIT (4)
33-48 UNIT(5)
UNIT (6)
Length unit
Stress unit
Time unit
NOTES:
(1) This card can be left blank. The output will indicate
"dimensionless" for each blank field. When units are given,
they do not affect the computations, and will appear on the
output for information only.
All input data must be given in a consistant set of units to
yield correct answers.
IF NSTEP=1 CARD 3 (E10.3)
Note Columns Variable Entry
(1) 1-10 TSTEP Time step for the regular algorithm or initial
time step for the fast algorithm.
NOTES:
(1) This card should be omitted when NSTEP=0O
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(1)
CARD 2 
(6A8)
III PROBLEM GEOMETRY
CARD 1 (15, F10.3)
Note Columns
1-5
(1) 6-15
Variable Entry
Number of layer
ZDEPTH Depth (or radius) of the first node.
NOTES:
(1) ZDEPTH must be > 0 in the case of cylindrical or spherical
symmetry.
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III PROBLEM GEOMETRY
CARDS 2,3 (N + 1) (13,12, 6E10.3,I5)
Note Columns
(1) 1-3
(2) 4-5
6-15
(3) 16-25
(3) 26-35
36-45
(4) 46-55
(4) 56-65
(5) 65-70
NOTES:
Variable
NSUB(I)
NINTG(I)
H (1)
CV(I)
FMV (I)
GAMB (I)
ALPHA(I)
BETA(I)
NREP
Entry
Number of sublayers of Ith layer
Number of integration points used to compute the
settlements
Thickness of the Ith layer
Coefficient of consolidation of the Ith layer
Coefficient of volume change of the Ith layer
Buoyant unit weight of the Ith layer
= MV(OC)/MV(NC) of the Ith layer
= CV(NC)/CV(OC) of the Ith layer
= Number of identical layers
(1) For a linear analyses, 1 < NSUB(I) < 10
For a nonlinear analysis, NSUB(I) = 1
The total number of sublayers is limited to 200 in the
present version of the program
(2) The integration points option is only valid when NSUB(I) = 1,
in which case 0 < NINTG(I) < 9
(3) In case of nonlinear analysis, these values are the values
for the soil in the normally consolidated state.
(4) These fields are omitted in case of linear analysis.
(5) When NREP > 2, NREP identical layers will be generated
-637-
IV BOUNDARY CONDITIONS
CARD 1 (215)
Note Columns Variable Entry
1-5
6-10
Note Columns Va
(1) 1-10
(1) 11-20
(2) 21-30
(2) 31-40
(2) 41-50
(2) 51-60
KBC1 Upper boundary condition indicator
EQ. 1, specified excess pore pressure
EQ. 2, specified velocity
EQ. 3, impeded drainage
KBC2 Lower boundary condition indicator
EQ. 1, specified excess pore pressure
EQ. 2, specified velocity
EQ. 3, impeded drainage
CARD 2 (6E10.3)
Lriable Entry
VALUE1 Value of excess pore pressure or velocity or upper
boundary
VALUE2 Value of excess pore pressure or velocity at
lower boundary
HO Thickness of upper impedence layer
FKO
HN1
Coefficient of permeability of upper impedence
layer
Thickness of lower impedence layer
FKN1 Coefficient of permeability of lower impedence
layer
NOTES:
(1) EQ. 0, if boundary is free draining or impervious.
NE. 0, value of specified excess pore pressure or velocity
Blank if the corresponding boundary is impeded.
(2) Not applicable if the corresponding boundary is assigned a
constant pore pressure or velocity.
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IV BOUNDARY CONDITIONS
CARD 3 (3E10.3)
Note Columns Variable Entry
(1) 1-10
(2) 11-20
21-30
GW Unit weight of water
DWT Initial water table elevation
SIGTOP Initial effective stress at the top of the upper
layer
NOTES:
(1) If this field is left blank, the program will assign GW = 1.0
(2) DWT > 0 means that the water table is above the top of the
upper layer and vice versa.
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(continued)
V INITIAL CONDITIONS
IF NINI.NE. 0
Note Columns Variable
(1) 1-10
CARDS 1,2 (4E10.3, Il)
Entry
A(I) Depth
11-20
21-30
31-40
B(I) Excess pore pressure
C(I) Steady state pore pressure
D(I) Maximum past pressure
41 NLAST Non zero value for the last card
NOTES:
(1) One card should be given for each point where the pore
pressure and stresses are known. Depths must be in sequence
and cover the entire deposit. Maximum number of cards = 50.
The first depth must be equal to ZDEPTH (see card 1 of Section
III)
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VI LOAD HISTORY
IF NLOAD = 0
Note Columns Variable
1-10
CARD 1 (E10.3)
Entry
SLOAD Step load intensity
NLOAD = 1 or 2
Note Columns
CARDS 1, 2,,...(2E10.3, Il)
Variable
1-10 TLOAD(I)
11-20 PLOAD(I)
Entry
Time Coordinate
Load Coordinate
(1) 21 NSTOP Stop indicator
NOTES:
(1) This column should be left blank, except for the last point
describing the load-time curve where a 1 should be punched.
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VII OUTPUT CONTROL
1 - PORE PRESSURE CONTROL
CARD 1 (15)
Note Columns Variable Entry
(1) 1-5 KNPOUT Number of nodal points at which pore pressures
and strains informations will be printed.
NOTES:
IF KNP
(1) KNPOUT < 201
If KNPOUT = 0, information will be given at every nodal point.
OUT > 0 CARDS 2,3,...(1015)
Note Columns
(1) 1-5
6-10
11-15
16-20
21-25
26-30
31-35
36-40
41-45
46-50
Variable
NPOUT(1)
NPOUT (2)
NPOUT(3)
NPOUT (4)
NPOUT(5)
NPOUT(6)
NPOUT(7)
NPOUT(8)
NPOUT(9)
NPOUT(10)
Entry
Nodal point number at which pore pressure and
stress information will be given.
" t" t i
NOTES:
(1) These nodal point numbers should be given in sequence if the
user wants the informations to appear with increasing depth
on the output.
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VII OUTPUT CONTROL (continued)
2 - TIME PRINT-OUT CONTROL
a) STEP LOAD (NLOAD = 0)
CARD 1 (15)
Note Columns
(1) 1-5
Variable
KOUT
Entry
Number of times at which results are to be
printed.
CARDS 2,3,...(5F10.3)
Note Columns
(2) 1-10
11-20
21-30
31-40
41-50
Variable
OUTIME(1)
OUTIME(2)
OUTIME(3)
OUTIME(4)
OUTIME(5)
Entry
Time at which
if It
output is requested
"I it
It tv
", "t"V I
NOTES:
(1) KOUT < 50
(2) Absolute values of the times must be input in sequence
IF OUTIME(I) > 0 Reduced output
IF OUTIME(I) < 0 Complete output
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VII OUTPUT CONTROL (continued)
2 - TIME PRINTOUT CONTROL
b) VARIABLE LOAD (NLOAD = 1)
Card 1 (15)
Note Columns
(1) 1-5
Variable Entry
KOUT Number of times at which results are to be
printed
IF KOUT > 1 CARDS 2,3,...(5F10.3)
Note Columns Variable Entry
(2) 1-10 OUTIME(1) Time at which output is requested
11-20 OUTIME(2)
21-30 OUTIME(3)
31-40 OUTIME(4)
41-50 OUTIME(5)
I, r
rI WI
WI II
II II
NOTES:
(1) KOUT ! 50
If KOUT = 0
If KOUT = -1
Reduced output will be given at each of the times
defining the loading curve
Complete output will be given at each of the
times defining the loading curve.
(2) Absolute value of the times must be input in sequence
If OUTIME(I) > 0
If OUTIME(I) < 0
Reduced output
Complete output
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VII OUTPUT CONTROL (continued)
2 - TIME PRINTOUT CONTROL
c) CYCLIC LOAD (NLOAD = 2)
Card 1 (315)
Note Columns
1-5
(1) 6-10
(2) 11-50
Variable
KCYCLE
KCOUT
KOUT
Entry
Total number of cycles
Number of cycles at which output will be given
Number of output locations per cycle
NOTES:
(1) KCOUT < 100
If KCOUT = 0,
(2) KOUT < 50
If KOUT = 0
If KOUT = -1
output will be given at each cycle (only valid
when KCYCLE < 100)
Reduced output will be given at each of the
times defining the loading curve
Complete output will be given at each of the
times defining the loading curve
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VII OUTPUT CONTROL (continued)
2 - TIME PRINTOUT CONTROL
c) CYCLIC LOAD (NLOAD = 2)
IF KCOUT > 0
Note Columns Variable Entry
(1) 1-5 KC(1) Cycle
6-10 KC(2) "i
11-15 KC(3) "
16-20 KC(4) "
21-25 KC(5) "
26-30 KC(6) "I
31-35 KC(7) "
36-40 KC(8) "I
41-45 KC(9) "
46-50 KC(10) "
Card 2,3,... (1015)
number at
If
It
If
"
which output is
It
it
it
"
NOTES:
(1) These cycle numbers must be input in sequence.
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desired
It
It
Itit
"r
"r
VII OUTPUT CONTROL (continued)
2 - TIME PRINTOUT CONTROL
c) CYCLIC LOAD (NLOAD = 2)
IF KOUT > 0
Note Columns Variable Entry
(1) 1-10 OUTIME(1) Relati
11-20
21-30
31-40
41-50
OUTIME(2)
OUTIME(3)
OUTIME (4)
OUTIME (5)
ve ti
will be giv
It
Cards.,. .(4E10.3)
ime in each KCCI) cycle at which output
ren
it It ft IT
NOTES:
(1) Absolute value of the relative times must be input in sequence
If OUTIME (I) > 0 Reduced output
If OUTIME (I) < 0 Complete output
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APPENDIX J
FIELD DATA OF PORE PRESSURE DISSIPATION
IN BOSTON BLUE CLAY
This appendix presents detailed information on the piezometee
probe field records conducted by M.I.T. at the 1-95 embankment
(Stat. 246) in Saugus, Mass., in 1977 and 1978. Information for
each test consist of:
a) a summary table giving pertinent information for each
depth;
b) a profile of penetration pore pressures;
c) a profile of ch predicted at different dissipation levels
(20, 40, 50, 60 and 80%); and
d) normalized dissipation curves (u = Au/Au. vs. log (time))
1
at each testing depth.
Note:
The arrows on the right hand side of the summary tables
identify records used in developing the bands of measurements
in Figs. 12.2 and 12.3.
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APPENDIX K
FIELD DATA OF PORE PRESSURE DISSIPATION
IN AMHERST VARVED CLAY
This appendix presents detailed information on the piezometer
probe field records conducted on the.campus of the University of
Massachusetts in Amherst, Mass., in 1977. Information for each test
consist of:
a) a summary table giving pertinent information for each
depth;
b) a profile of penetration pore pressures;
c) a profile of ch predicted at different dissipation levels
(20, 40, 50, 60 and 80%); and
d) normalized dissipation curves (u = /Au/ui vs. log (time))
at each testing depth.
Note:
The arrows on the right hand side of the summary tables
identify records used in developing the bands of measurements
in Fig. 13.1.
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The author was born on January 25, 1949 in Roanne, France.
After attending high school in Tours, he entered the "Ecole
Centrale de Lyon" in Ecully, where he was awarded an engineering
degree in June 1973. He then joined Woodward Moorhouse and
Associates in Clifton, New Jersey, for a one-year training
period as staff engineer. In September 1974, he commenced
graduate studies at the Massachusetts Institute of Technology,
where he received a Master of Science degree in civil engine-
ering in 1977.
The author married Dominique Courault in June 1972 and
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